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REMARKS 



Claims 40-57 are pending in this application. Claims 1-39 have 
been cancelled without prejudice to Applicant' s right to 
reintroduce the combinations of features claimed in the cancelled 
claims or to add additional claims covering the subject matter of 
the cancelled claims either later during prosecution of the 
present application or in applications related to the present 
one, like continuation, divisional and continuation-in-part 
applications . 

New claims 40-57 have been added. Support for new claims 40-57 
can be found inter alia on page 2 lines 20-24, page 3, lines 5- 
9, from page 3 line 19, to page 4 line 26, and in examples 1 and 
2. 

35 U.S.C. § 112 first paragraph 

Independent claims 40, 46 and 52 are directed to methods for 
treating or preventing HCV infection in a patient. 

In the Final Action of September 6, 2007, the Examiner observes 
that "the specification, while enabling for composition 
inhibiting HCV E2 binding to a cell (i.e. having neutralizing 
activity) , does not reasonably provide enablement for composition 
for anti-HCV therapy comprising such neutralizing antibodies . " 
(see Action, section 10 lines 2-4) 



Applicant respectfully but strongly disagrees with the Examiner 
and draws the Examiner's attention to the following. 
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Applicant states that inhibition of E2 binding to a cell and 
neutralization activity are distinct properties of an antibody, 
which, as indicated in the specification, are not necessarily 
correlated to the each other. 

Reference is made, in particular, to the exemplary passages of 
the specification on page 1 lines 27-30 ("[h]ence the author has 
only evaluated and described the variable ability of different 
Fabs to inhibit the binding of protein E2 to the target cell, 
without demonstrating a correlation between this activity and the 
neutralizing activity of the sera"), page 2 lines 20-23 ( A two of 
the assayed antibodies .... can neutralize the virus two other 

antibodies have no neutralizing activity ...") in view of page 16 
lines 7-12 ("two of the Fabs ... do not neutralize VSV/HCV 
pseudotype infection ... one of these two Fabs... has strong NOB 
activity ../') , page 17 lines 20-23 ("..blocking of interaction 
between the virus and its cellular target seems unlikely to be a 
key factor in HCV neutralization . These data can explain at the 
molecular level the lack of correlation between NOB activi ty in 
the serum and protection from disease) , where underlining for 
emphasis purposes has been added. See also i) page 16 lines 13- 
19, ii) page 16, line 20 through page 17 line 17, and iii) table 
2. 

Additionally, it is clear from the above mentioned passages and 
from the remaining portions of the specification, that the 
wordings "neutralizing" "neutralizing antibody" and "neutralizing 
activity" as used in the specification refer to the 
neutralization of the HCV virus and not to neutralization of E2 
binding to a cell which is instead indicated with wordings that 
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include the term "binding" such as "neutralization of binding 
activity", "NOB activity", or "inhibition of binding". 

Accordingly, Applicant respectfully submits that the Examiner is 
mistaken when in section 10 of the Action the Examiner equates 
"inhibiting HCV E2 binding to a cell" to "having neutralizing 
activity", and based on this assumption incorrectly states that 
"the mere identification of an antibody as neutralizing antibody 
does not mean that those skilled in the art would be capable of 
using such in anti-HCV therapies . " 

Reference is also made to the enclosed declaration under 37 
C.F.R. § 1.132, in particular to sections 6 to 13, wherein the 
distinction between inhibition/neutralization of binding and 
neutralization activity of an antibody and the common use of the 
above wording are further evidenced. 

Applicant respectfully submits that mere identification of an 
antibody that neutralizes E2 binding to a cell is not indicative 
of anti-HCV therapeutic use of such antibody (see also page 1 6 
lines 10-12 "even antibodies inhibiting E2 binding may fail to 
prevent viral infection") , while , on the other hand, 
identification of a neutralizing antibody, i.e. an antibody able 
to neutralize the HCV virus , is instead a very reliable 
indication of an anti-HCV use of such an antibody. 

In support of the above statement, reference is made to the 
specification at page 3 lines 5-9 ("[t]he identification of anti- 
E2 antibodies in the human Fabs format with a good neutralizing 
ability permi ts their large-scale production and use as a 
medication in anti-HCV treatment , or as a preventive agent in 
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topical form to inhibit viral transmission to subjects at risk 
(couples with discordant HCV state, individuals subject to 
occupational exposure, etc.) . ) 

As a further support, reference can also be made to the enclosed 
declaration under 37 C.F.R. § 1.132 and in particular to section 
14 thereof, wherein the correlation between the ability to 
neutralize the virus, i.e. to render the virus inactive or 
ineffective, and the ability of treating and preventing a viral 
infection in a subject are further evidenced. 

In the specification, the ability of the claimed antibodies and 
their functional fragments to neutralize the HCV virus in vivo is 
demonstrated and exemplified in a system of HCV pseudotypes. 
Reference can be made, in particular, to the specification at 
page 2 lines 13-19: [t] he authors of the invention have also 
evaluated the neutralizing activity of various anti-E2 antibodies 
in a system of viral pseudotypes [VSV/HCV] the method provides 
a direct measure of the in vivo neutralizing activity of anti-E2 
antibodies../';) page 16, lines 13-15: "[t]wo other Fabs f el37 and 
e301, efficiently neutralize VSV/HCV at a concentration of 10 
.mu .g/ml f while VSV pseudotypes bearing the VSV G envelope 
protein (VSV/G pseudotypes) are not affected") and to figures 3A, 
3B and 4, together with related portions of the specification, 
see in particular Example 2. 

As a further supporting evidence, see the enclosed declaration 
under 37 C.F.R. § 1.132, in particular sections 13 and 15 of the 
same, wherein disclosure of the ability of the claimed 
antibodies and fragments thereof to neutralize the HCV virus in 
vivo in the specification is further evidenced. 
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Additional information concerning the use of the claimed 
antibodies or fragments thereof in treating or preventing HCV 
infection can be identified by the skilled person upon reading of 
the present application on the basis of the references cited and 
information known in the art. In this respect, reference is made 
to the enclosed declaration under 37 C.F.R. § 1.132, and in 
particular to its sections 15 and 16. 

Therefore, Applicant submits that the present specification 
provides sufficient guidance to a skilled person to enable the 
use of the antibodies of claims 4 0, 46 and 52 without undue 
experimentation and that the specification thus fulfills the 
requirements of 35 U.S.C. 112 first paragraph. 

35 U.S.C. § 102 

In section 12 of the Action, the Examiner rejects previously 
presented claims 1, 27. 28, and 30-39 under 35 U.S.C. 102, as 
being anticipated by Burioni et al (Hepatology 28:810-14) 
(hereinafter Burioni) . 

In the interest of expediting prosecution of the present 
application, Applicant has cancelled the rejected claims without 
prejudice, thus rendering the above rejection moot. 

New independent claims 40, 46 and 52 are directed to a method to 
treat or prevent HCV infection in a subject. 



Applicant submits that Applicant was not able to find in Burioni 
a disclosure, teaching or suggestion related to antibodies that 
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are able to neutralize the HCV virus and/or to be used in 
treating or preventing HCV infection. 

On the contrary, Applicant notices how in discussing the 
experimental results illustrated in his paper, Burioni first 
states that "the results demonstrate that some human antibody 
specificities are able to neutralize the binding of HCV/E2 to its 
target cells." (see page 812 second column lines 6-8) and then 
concludes that "the correlation between NOB activity and true 
virus neutralization remains to be proven" (see page 813 second 
column lines 9-11) . Reference is also made to the enclosed 
declaration under 37 C.F.R. § 1.132, and in particular section 17 
of such declaration. 

Hence, Applicant submits that independent claims 40, 46 and 52 
are novel over Burioni together with dependent claims 41-45, 47- 
51 and 53-57, at least by virtue or their dependency on said 
independent claims . 

35 U.S.C. § 103 

In section 15 of the Action, the Examiner rejects previously 
presented claims 1-3, 27 and 28, 30 and 39 under 35 U.S.C. 103 as 
being unpatentable over Burioni, in view of the teachings of Poul 
( Immunotechnology 1:189-96) (herein after Poul) and Foung et al 
(US 7,091,324), hereinafter (Foul) 

In the interest of expediting prosecution of the present 
application, Applicant has cancelled the rejected claims without 
prejudice, thus rendering the above rejection moot. 
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New independent claims 40, 46 and 52 are directed to a method to 
treat or prevent HCV infection in a subject. 

In rejecting the previous claims and addressing Applicant's 
arguments, the Examiner stated that "the Applicant must show that 
the claimed invention has unexpected results over the "closest 
prior art../' (see Action section 15, lines 7-8) 

Applicant has already shown in the previous section that Burioni, 
considered by the Examiner to be "the closest prior art", does 
not disclose, teach or suggest antibodies able to neutralize HCV 
virus and/or a related use in treatment or prevention of HCV 
infection . 

In addition to that, Applicant was not able to find in the other 
references cited by the Examiner such teaching or a teaching that 
would make that result reasonably expected for antibodies having 
an NOB activity and in particular for the two fragments el37 and 
e301. On the contrary, "the closest prior art" Burioni, clearly 
indicates that the "correlation between NOB activity and true 
virus neutralization remains to be proven." (see page 813 second 
column lines 9-11) . 

In this connection, reference can also be made to the declaration 
attached hereto as Exhibit A under 37 C.F.R. § 1.132 and in 
particular to sections 17-118 of the same, wherein the above 
statements are further evidenced . 

Therefore, Applicant submits that any person skilled in the art, 
faced with the prior art cited by the Examiner, would not have 
any reasonable expectation on the ability of el37 and e3 0 1 to 
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neutralize HCV in vivo and to be usable in treating or preventing 
HCV infection over the cited art. 



In view of the above, Applicant submits that new independent 
claims 40, 46 and 52 are patentable over the cited art together 
with dependent claims 41-45, 47-51 and 53-57 also patentable at 
least by virtue of their dependency on said independent claims. 

Should the Examiner disagree with the Applicant, the Examiner is 
respectfully invited to indicate the passages in the cited art 
that in combination with Burioni would make that result 
reasonably expected. 

If a telephone interview would be of assistance in advancing the 
prosecution of the subject application, Applicants' undersigned 
attorney invites the Examiner to telephone him at the number 
provided below. If any additional fee is required, authorization 
is hereby given to charge the amount of any such fee to Deposit 
Account No. 50-1891. 



Conclusion 



Respectfully submitted, 



Albert Wai-Kit Chan 
Registration No. 36,479 
Attorney for Applicant (s) 
Law Offices of 
Albert Wai-Kit Chan, PLLC 
World Plaza, Suite 604 
141-07 20 th Avenue 
Whitestone, New York 113 57 
Tel: (718) 799-1000 
Fax: (718) 357-8615 
Email : chank@kitchanlaw. com 
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DECLARATION! UNDER 37 C.F.R. §1132 



Gonsrmssioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 



Sir- 



S. Massimo Cfementf, declare and say: 

1. i am Massimo Clement!, MD : Full Professor of Micro&ioiogy and Virology at m 
ryledscoi School of Universsta Son Raffaeie, Milan, Director of the Microbiology 
and Virology Laboratory of the San Raff ante Hospital, Milan, Italy 

2 ; | graduated in Maxtieme from the University of Ancooa and received a Specialty 
degree m the field of infectious Diseases from the Unrve rstfa of Rome, Italy 



3. I have been working in the field of Virology since about 1Q7B I have spent the 
oast 30 years principally in research reaardlng the virus-host Interplay;. I have 
directed since thee laboratories walking on programs aimed to elucidate the 
nature of the pressure on viral human pathogens by the immune system. 
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4 i am a co-inventor of several issued O. S. patents. I have co-authored hundreds 
of scientific papers. in this field and have given talks on the subject at over 600 
conferences.; 

S, | am familiar with the above-Identified application, Burloni et ai (Hepafology 
28:810-14} (hereinafter Buhonl}, Habersetzer et ai (Virology 249 32-41} 
(hereinafter Hatoersetxer), Poui dmmunotechnology 1,189-96} (herein after Foal) 
and Foung et ai (US 7,091.324}, hereinafter (Paul) and: have read the Office 
Actions of March 02. 2007 and September 8, 2007. 

5 I respectfully submit that the Examiner is mistaken when the Examiner equates 
neutralization of binding (NOB) to neutralization activity at the antibodies 
described in the above identified application. 

?', As used in the relevant technical field, the wording NOB refers to the activity of 
an anhbedy (or another molecule) in inhibiting the binding at a Viral protein, such 
as the E2 envelop© protein of NOV, to a celiuiar target The. warning 
fmuim&mm activity, which generally indicates virus neutralizing activity refers 
instead to the activity of an antibody (or another moiecuie) in blocking viral 
infection m an in vitro setting. It is well known from several studies both in viruses 
causing an acute infection (influenza) and viruses causing persistent infection 
(HIV) with a virus-host interplay similar to the one present in HCV infection that 
inhibition of the binding between the virus envelope protein and the celiuiar target 
does not correspond to neutralization or neutralizing activity. For these reason 
NOB is completely different from neutralization activity, as would be understood 
by a skilled person. - 

8, in the context of the present patent application the wording "neutralizing activity" 
is oonsisteotiy used to indicate virus neutralizing activity m an In vitro pseudoysms 
setting, and not NOB, as clearly showed by table 2 of the above identified 
application, where the lack of correlation between NOB activity and pseudovirus 
neutralizing activity is shown. 




U S Serial No.10/5Q2 S 3Q7 

Rufe 1 32 - DemmUoh of Maximo Glemgnti: Page - 3 ... of ? 

9 At: the time the invention was made, evidence for a lack of correlation between 
NOB and neutralbJng activity was. avaiabte for HCV (see- e.g. Maf&ufa et m. 
(Virokxiy 288. 263-275 {2001}) herein enclosed with particular reference to page 
263 col. 2 lines 13-31). In addition to that, evidences regarding several other 
other viral models clearly indicated that Inhibition of virus attachment h cells by 
mnJtodms has been mooned only rareiy as m major coriinbutbn to infecimw 
muiraiiz$tiQ& (see Knossow el at (Virorogy 302, 294-298 (2002)) snctesed 
herewith with part? outer reference to page 295 column 1 lines 7-1 1") The same 
was Known true in p^steniiy repeating viruses: causing persistent rnfeefens 
such sis HIV (see e.g. Barbas et ai, PNAS 8§> , (1992) enclosed herewith page 
9339 column 2 lines 2&32 and 9$42 starting from column 1 tine 17) and for 
human monoclonal Fab frag rnente, demonstrating how antbodfes that block 
interaction between the viral protein and the ■ceiHiiar target are usuaOy not able to; 
neutralize infection. 

10, NOB and virus neytralteatibn activity are measured by oampieteiy dfcent tests 
in HQV and in several other wa; models. Any expert wth a knowledge ef the 
stele of the art could at the moment of the Invention mdefstBnd. that a test 
related to NOB could not be indicative of neutralizing activity in HCV or oiner viraJ 
models and versa 

11, In particular, the NOB activity of an antibody is measured by incubating the viral: 
prmern to be bound, which in, HCV is the E2 envelope prolem, (produced in a 
recombinant setting and m a soluble truncated form}- wittrtna' purified antibody . at 
different qoncenf rations, This mixture Is then put in contact with a large!, celt 
population, and this cell population is then siained d-rectly or indirectly, with an 
anti4iCV/E2 mouse monoclonal antibody. This staining is measured and it 
iridifftcQy measures the binding of the HCWE2 g^coprotem to the iargetcNi thus 
allowing the evaluation of the anlihody-mediatad irtiibition of. binding. This 
measure is not. appropriately called "neutra^ation of binding* as "inhibition of 
binding" would be more appropriate 
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1 2. The neutralizing activity of an antibody Is measured Instead in vitro by Incubating 
a known amount of Infecting virus with increasing concert aliens of pghfi.ed 
antibody. The mixture is then used to infect susceptible cells; ana the 
concentration of antibodies Inhibiting 50% of 90% of the infection Is extrapolated 
and named IC50 or 1000. respectively. When there am not suitable in vivo virus 
replication experimental systems, or when this procedure is dangerous due to the 
nature, of the virus, It is possible to perform the test with pseudpviruses. A 
pseadovlrus Is an artificial virus bearing w Is envelope the glycoproteins of the 
virus, which is impossible or difficult, to replicate (pseudoiyped virus), and 
Includes: on hie viral genome a reporter gene that can be easily demonstrated 
inside a susceptible cell once the paeudovhus has entered if {typically a green 
fuoresceni protein). Doe to the fact teat the glycoproteins in the ossuhovirus 
envelope are derived from the pseudotyped virus, the entry mechanisms are 
derived from the pseudotyped virus itself, and this can be used to study 
neutralization activity of an antibody against envelope proteins of the 
pseudotyped virus when replicating this virus is impossible or undesirable 

13. While binding inhibition tests:, sued as NOB. are not considered predictive at all of 
neutralizing activity of a compound, pseudovl ruses are considered the mas? 
reliable approach for the measurement of neutralizing activity of a vims that .is 
impossible to replicate in vitro. This has been proven true also for HCV once a 
replication system has become available, as antibodies (such as el 37} endowed 
with neutralizing activity against pseudoviruses showed a strong neuirafeahon 
activity aiso against HCV In ceil culture settings, as illustrated in Peretfl et si (in 
Journal of Virology, Jan. 20QB, p. 1047-1052 Vol. 82, No: 2 also enclosed 
herewith. The lack of correlation between the NOB activity-, ana virus 
neutralization can be explained, as an example, by the fact thai the NOB activity 
is measured using a rieomb;nsni and soluble moaorneric protein of the v*rus,,and 
to tne siulled person eyes, it Is not .surprising that, antibodies binding the viral 
protein in the monomeric format and showing a strong NOB activity, are not able 
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to neutralize the vims infectivlty m vitro. Furthermore the .available pfotfeln se.rfa.ce 
can fee. different on the vhion surface because of -the 'hBtferodimerio interaction af 
the vsra! protein leading to an altered accessibility of the mgmm bound by 
antibodies. Therefore the NOB activity Is not predictive of neutrafeing activity 
because an anybody may not bind the hsterod&fcerio protein (a : s the protein 
malty present on the surface of the virus) at the same extent of the monomene 
protein. 



14, When considering the aritlvira? properties of an anUfeody, the m viito. 
neutraiteation activity against the viral target of "the antibody is by far the most 
important activity.. If not the only one, indicating that the oonipoumi show^c a 
neutralizing aofivity at a oarrcenfratien thai can be reached in vivo, r$ a powerful 
fool in clinical setting for the therapy and the prevent km of a vim infectiofi: This 
Indicated a ■= usefulness of the compound h the therapy or Ifie prevention of a tfraf 
mtecfion. This has been proven in al'i experimental and clinical setting. 
Neutralizing activity in the serum 'is often a s*rjn of protection against reinfection, 
by a gj'ven virus, and, in particular, presence of pseudovirus neuhafemg activity 
in the sera of acute HCV parents has been shown to be correlated to a better 
prognosis- 
IS. The pseudovirus neutrafeation data contained in this patent appiicatten. showing 
for the first time these motecoieshomg endowed with a very strong neutraS?z;ng 
activSy at low concentration very effective concentrations that can be reached in 
v?vb ; are dearly Identifying these antibodies at the skilled persons eyes, as the 
wst and only .candidates at tlie patent filing time as useful for treatment and 
prevention of HCV Intetf&a, being neutraliang and thus being able of blocks n§ or 
contrasting vlrai replication and viral spreading to no n infected pells when 
adfrhn^temd to a patient. . 
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16 For aH of the above reasons, one sklUed m the art upon reading of the above 
application would be enabled to perform the methods of Ciafnris 40 to 57 and 
would reasonably conclude thai the inventor had possession of such methods at 
trie time the invention was made. 

17, Further, in vtew of the above and upon review of Buncos. Babers.etzer, Pou; and 
Foung ; the declarant beliefs, tltesa references dp not disclose, teach 1 or suggest 
neutralization of the- virus .and' that ability to neutralize virus to the extant shown, jn 
application is unexpected... This b particularly true as. existence of HC.V 
neutr&Kzing antibody clones, in the human aotnHCV antibody repertoire was not 
expected, considering the fact that recovering from an acute HCV infection 
provides the recovered patients with a strong humoral immunity that does not 
provide protectians. This patent application shows that, neutral teing antibody 
clones are existing m the repmn-re or infected patients, but they are coex^t^g 
with dther, more frequent clones, that have not such an effect The neutralising 
effect of the human anftecKty clones, as shown in Table 2 of the above sdent mad 
application can mi be foreseen by the evaluation of NOB activity., being the 
human antibody from the repertoire of this patient endowed with the highest NOB 
activity actually compfetefy devoid of neutralizing activity, and. eventually 
endowed with fadiltaung activity for viral infection 

1.8. in particular, given that Burio.m and the other art only show the sequence and the 
NOB activity of e1 37 and a310 : in NO WAY a skilled person could expect inch 
anti HCV antibody clones to have a .neutralizing activity. 

19 1 declare further that all statements made tmrmx of my own knowledge are true: 
thai all statements :made herein on ^formation and belief are beiteyed to be true; 
and f urther that these statement were made with the knowledge: that. willful Mm 
stalen^ents and the like are -punishable by fme or Jniprisonmeni, or both, under 
Section 1001 of Title 18 of the United State Code and that such willful false 

i 
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statements may jeapafcfee the ysfitfsty of this applicat?on or any Patenfe issuin 
thereon, 
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Characterization of Pseudotype VSV Possessing HCV Envelope Proteins 

Yoshiharu Matsuura,*"*!" 1 Hideki Tani,* Kensuke Suzuki^ Tomomi Kimura-Someya.t Ryosuke Suzuki,t Hideki Ai2aki,t 
Kojj lshii,t Kohjf Moriishi * Clinton S. Robison,§ Michael A. Whitt,§ and Tatsuo Miyamurat 

*Research Center for Emerging Infectious Diseases, Research institute for Microbial Diseases, Osaka University, Osaka, Japan; ^Department of 
Virology II National institute of infectious Diseases, Tokyo, Japan; ^Pharmaceutical Frontier Research Laboratories, Japan Tobacco inc., 
Yokohama, Japan; and ^Department of Microbiology and immunology. University of Tennessee, Memphis, Tennessee 

Received January 22, 2001; returned to author for revision March 30, 2001; accepted April 26, 2001 

The genome of hepatitis C virus (HCV) encodes two envelope glycoproteins (E1 and E2}, which are thought to be 
responsible for receptor binding and membrane fusion resulting in virus penetration. To investigate ceil surface determinants 
important for HCV infection, we used a recombinant vesicular stomatitis virus (VSV) in which the glycoprotein gene was 
replaced with a reporter gene encoding green fluorescent protein (GFP) and produced HCVA/SV pseutiotypes possessing 
chimeric HCV E1 or E2 glycoproteins, either individually or together. The infectivity of the pseudotypes was determined by 
quantifying the number of cells expressing the GFP reporter gene. Pseudotypes that contained both of the chimeric E1 and 
B2 proteins exhibited 10-20 times higher infectivity on HepG2 cells than the viruses possessing either of the glycoproteins 
individually. These results indicated that both El and E2 envelope proteins are required for maximal infection by HCV. The 
infectivity of the pseudotype virus was not neutralized by anti-VSV polyclonal antibodies. Bovine lactoferrin specifically 
inhibited the infection of the pseudotype vims. Treatment of HepG2 cells with Pronase, heparinase r and hepariiinase but not 
with phospholipase C and sodium periodate reduced the infectivity. Therefore, cell surface proteins and some glycosami- 
noglycans play an important role in binding or entry of HCV into susceptible cells. The pseudotype VSV possessing the 
chimeric HCV glycoproteins might offer an efficient tool for future research on cellular receptors for HCV and for the 
development of prophylactics and therapeutics for hepatitis C. © 2001 Academic Press 

Key Words: hepatitis C virus; envelope proteins; pseudotype virus; infection. 



INTRODUCTION 

Hepatitis C virus (HCV) is the most important causative 
agent of posttransfusion and sporadic non-A non-B hep- 
atitis, infecting more than 200 million people worldwide 
(Houghton, 1996). HCV infection becomes chronic in 
most cases and may eventually result in hepatitis, liver 
cirrhosis, and hepatocellular carcinoma (Alter et aL, 
1992; Saito etaL, 1990). This high percentage of chronic- 
ity after HCV infection can be explained by (i) HCV 
escape from the host protective immune responses by 
mutating its amino acid sequences {Kato et aL, 1993; 
Weiner et aL, 1992) or by (ii) the failure of HCV infection 
to induce protective immune responses (Farci et a!., 
1992; Weiner etaL, 1995). The HCV genome encodes two 
envelope glycoproteins (E1 and E2), which are derived 
from a precursor polyprotein after the polyprotein is pro- 
cessed by signal peptidase. The two glycoproteins form 
a heterodimer complex in the endoplasmic reticulum 
(ER) (Deleersnyder et aL, 1997; Dubuisson et aL, 1994, 



'To whom correspondence and reprint requests should be ad- 
dressed at Research Center for Emerging Infectious Diseases, Re- 
search Institute for Microbial Diseases, Osaka University, Osaka 565- 
0871 r Japan. Fax-. 81-6-6879-8269. E-maih matsuura@biken.osaka- 
u.ac.jp. 



2000; Dubuisson, 2000; Grakoui etai., 1993; Matsuura et 
aL, 1994; Ralston etai, 1993; Selby ef aL, 1994), which is 
the site where virus budding is thought to occur. 

Although some ceil lines have been shown to support 
HCV replication, which was only detectable by nested 
PCR (Ito ef aL, 1996; Mizutani et aL, 1996; Shimizu et aL, 
1992), the lack of a conventional cell culture system for 
HCV has greatly limited studies of the infection mecha- 
nisms of HCV and the assessment of protective antibody 
responses to HCV. Rosa and colleagues (1996) reported 
that a truncated form of the HCV E2 protein (type 1a) can 
bind to Molt-4 cells and that the interaction could be 
inhibited by antibody. This assay was named the neu- 
tralization of binding (NOB). We have shown that the 
appearance and maintenance of high titers of NOB an- 
tibodies are accompanied by clinical resolution of liver 
disease and virus clearance (Ishii et aL, 1998). More 
recently it was reported that human CD81 (hCD81) could 
be bound by a truncated, soluble form of the E2 protein 
{Piled ef aL, 1998), suggesting that hCD81 may act as a 
receptor for HCV on the cell surface; however, it is not 
known whether hCDSl serves as a functional receptor 
and can lead to a productive HCV infection. 

One of the ways to overcome the lack of a -conven- 
tional cell culture system for HCV is to generate 
pseudotype viruses that have HCV envelope proteins on 
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the signal sequence of VSV-G protein. Gray bars are the putative transmembrane regions of the HCV envelope proteins. 



the surface of another virus (Rubin, 1965). Vesicular sto- 
matitis virus (VSV) can be efficiently propagated in many 
animal cells and readily forms pseudotypes with the 
envelope proteins from many different viruses. Recently, 
systems to recover recombinant Rhabdoviruses T specif- 
ically rabies virus and VSV, from cDNA clones have 
become available (Lawson et aL, 1995; Sch.nel! et aL, 
1994; Whelan et a!. r 1995). In addition, it has been dem- 
onstrated that foreign glycoproteins can be incorporated 
efficiently into recombinant rhabdovirus envelopes (Me- 
batsion et aL, 1996; Schnell et aL, 1996). One approach 
that has been used to study the entry mechanism of a 
number of different viruses that are either difficult to 
grow or that require high-level containment facilities uti- 
lizes a novel recombinant VSV (VSVAG*) that encodes 
the green fluorescent protein (GFP) gene instead of the 
glycoprotein (G) gene. Transient expression of foreign 
envelope glycoproteins in VSVAG*-infected cells re- 
sulted in the release of infectious pseudotype viruses 
which were subsequently used to examine the cell entry 
properties conferred by the foreign viral proteins (Okuma 
etaL, 2001; Takada et at., 1997; Tatsuo et aL, 2000). 

To examine the role of the two HCV envelope proteins 
in cell infection, we produced pseudotype VSVs that had 
modified HCV envelope proteins, either individually or 
together, instead of the VSV G glycoprotein. Both of the 
HCV E1 and E2 proteins have C-terminal retention sig- 
nals and these proteins are normally retained in the ER 
(Cocquerel et aL, 1998, 1999}. To incorporate the HCV 
envelope proteins into VSV virions, the envelope proteins 
must be expressed on the cell surface. Therefore, chi- 
meric proteins containing the signal sequence, trans- 
membrane domain, and cytoplasmic tail of VSV G glyco- 
protein and the ectodomain of HCV E1 or E2 protein were 
generated (Takikawa et aL, 2000), Incorporation of both 



of the chimeric E1 and £2 proteins into virions was 
required to confer maximal infectivity on the pseudotype 
virions. Among the cell lines examined, HepG2 cells 
exhibited the highest susceptibility to the pseudotype 
VSV. Chemical modification analyses suggest that pro- 
tein molecules and glycosaminoglycans on HepG2 cells 
may play an important role in the infection of HCV 

RESULTS 

Characterization of CHO cell fines expressing the 
chimeric HCV envelope proteins 

To generate pseudotype VSVs bearing HCV envelope 
proteins, it was necessary to express both E1 and E2on 
the cell surface, since VSV assembles and buds from the 
plasma membrane. CHO cell lines constitutively ex- 
pressing chimeric E1 and E2 proteins, either individually 
(CHOE1 and CHOE2) or together (CHOE1E2), were es- 
tablished using chimeric cDNA constructs encoding the 
ectodomains of E1 or E2 joined to the transmembrane 
and cytoplasmic domains of VSV-G protein (Takikawa et 
aL, 2000) (Fig. 1). To confirm that the chimeric proteins 
were expressed on the cell surface, the CHO cell lines 
were analyzed by flow cytometry using monoclonal an- 
tibodies against E1 or E2 protein. The appropriate chi- 
meric protein was detected on the cell surface of each of 
the E1 or E2 CHO cell lines, and both proteins were 
present on the CHOE1E2 cell line (Fig. 2A), To examine 
the processing of the chimeric E1 and E2 proteins, the 
CHOE1E2 cell line was pulse labeled for 15 min with 
[ s& S]methionine and cysteine and chased for 4 h and the 
proteins were immunoprecipitated by E1- or E2-specific 
monoclonal antibodies (Fig. 2B T left). The chimeric E1 
protein migrated as a doublet with molecular weights of 
34 and 36 kDa soon after labeling, which then shifted 
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FIG, 2. (A) Cell surface expression of chimeric HCV envelope proteins an the CHO cell lines. CHO ceil lines were immunostained with anti-E1 or 
E2 monoclonal antibody and FITC-con]ugated goat anti-mouse IgG and analyzed by flow cytometry. The level of cell surface expression is indicated 
by the shift of the solid histogram to the right from the controi histogram (open, dashed line) rn which cells were stained with the FITC-conjugated 
antibody only. Axes= FU-Height, fluorescence intensity; Counts, number of cells, (B) Left, puise-chase analyses of CHO cell line. CHOE1E2 cell line 
was labeled for 15 rmin with Iran 3s S-label and chased for 2 and 4 h. The cell lysates were immunoprecipitated with either the E1 or E2 monoclonal 
antibodies. Right, CHOE1E2 cell line was labeled for 15 rnin with Tran 35 S-label and chased for 3 and 6 h. The ceM lysates were immunoprecipitated 
with anti-E1 monoclonal antibody and the immunopreclpitates were digested with Endo H (H) or PNGase F (F). The positions of the chimeric HCV 
envelope proteins are indicated by the arrows. Molecular weight markers are shown on the right. 



into diffuse bands of 50-60 kDa after 2 h chase in both 
the CHOE1 (not shown) and the CHOE1E2 cells. In con- 
trast, the size of the chimeric E2 protein in both the 
CHOE2 (not shown) and the CHOE1 E2 lines was 60 kDa, 
and this did not change during the chase period. Under 
the conditions used for imrnunoprecipitation, we could 
not detect any heterodimer formation between the chi- 
meric E1 and E2 proteins in the CHOE1E2 cell line. This 
might be a consequence of weak ectodomain interac- 
tions of the chimeric HCV envelope proteins that are not 



maintained in the detergents used for lysis. To examine 
the oligosaccharides on the chimeric E1 protein, the 
CHOE1E2 cell line was pulse labeled with radioactive 
methionine and cysteine and chased for 6 h p and the 
chimeric protein was immunoprecipitated with an anti-El 
monoclonal antibody. The immunoprecipitate was di- 
gested with endo-jS-A/-acetylglucosaminidase H (Endo 
H) or peptide-A/-glycosidase F (PNGase F) (Fig. 2B, right). 
After a 6-h chase, the chimeric El protein was resistant 
to Endo H treatment, suggesting that 60-kDa species 
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resulted from the addition of complex-type carbohy- 
drates. In contrast, the E2 protein did not appear to 
acquire complex oligosaccharides and migrated at the 
same molecular weight from the time of synthesis until at 
feast 4-h postchase. 

Although the exact molecular characteristics of HCV 
envelope proteins in the virion are not known yet, the 
carbohydrates of the envelope proteins on the virions are 
probably processed into complex type during transport 
to the cell surface, even if the virions bud into the ER 
lumen. 

Production of pseudotype VSVs 

To determine whether the chimeric proteins could be 
incorporated into VSV particles, we infected the two CHO 
cell lines expressing each of the chimeric envelope pro- 
teins individually, or the cell line expressing E1 and E2 
together, with VSVAG*-G, which consists of AG* virions 
complemented in trans with VSV-G protein (Fig. 3A). After 
16 h the infected ce\l supernatants were collected and 
the pseudotyped viruses were purified by centrifugation 
through sucrose density gradients and analyzed by im- 
munoblotting (Fig. 3B}. As controls, VSVAG*-G and 
VSVAG* were produced by infecting CHO cells tran- 
siently expressing VSV-G protein, or the parental CHO 
cells, with VSVAG*-G, respectively. The VSV structural 
proteins N f P, and M (matrix protein) were present in all 
of the purified virions. VSV-G protein was only detected in 
VSVAG*-G {lane 1) but not in VSVAG* negative control 
(lane 2) nor in the HCV pseudotype viruses (lanes 3^5). 
Virions produced in cells expressing the chimeric HCV 
envelope proteins contained either E1 or E2 (lanes 3 and 
4) or both of the chimeric envelope proteins (lane 6), 
indicating that both proteins were competent for assem- 
bly into VSV panicles. 

Infectivity of HCV pseudotype VSVs 

To examine whether the pseudotype viruses possess- 
ing HCV envelope proteins could rescue the infectivity of 
VSV lacking G protein, we incubated HepG2 cells with 
supernatants containing the pseudotype viruses. The 
Infection was then determined by examining the cells for 
GFP expression using fluorescence microscopy (Fig. 4). 
The titer of VSV-E1E2 was about 10-20 times higher 
(-4 x 10 5 lU/ml) than that of VSV-E1, VSV-E2, or VSVAG* 
(<2 x 10 4 lU/ml), indicating that both of the chimeric 
proteins were required for maximal infectivity. We next 
examined the susceptibility of various celi lines to VSV- 
E1E2, VSVAG*, and VSVAG*-G (Table 1). HepG2 cells 
exhibited the highest susceptibility foNowed by COS7, 
CV-1, 293T, and Huh7 cells. The other cell lines, including 
the NIH3T3 cell line expressing HCD81, showed no de- 
tectable susceptibility to VSV-E1E2. 



Neutralization of the pseudotype virus 

To determine whether the infectivity of VSV-E1E2 was 
HCV specific, we examined whether the pseudotypes 
could be neutralized by a polyclonal antibody against 
VSV. As shown in Fig. 5, the anti-VSV antibody completely 
neutralized VSVAG*-G, whereas no neutralization was 
observed with the VSV-E1 E2 pseudotypes. These results 
suggest that Infectivity of the VSV-E1E2 was not due to 
residual inoculum nor due to adventitious incorporation 
of VSV-G protein into the pseudotype virions. However, 
no neutralization was observed with the sera from a 
chimpanzee immunized with HCV E1 and E2 proteins, 
nor with sera from patients possessing neutralization of 
binding antibodies, nor with mouse monoclonal antibod- 
ies recognizing HCV envelope proteins. 

Effects of bovine lactoferrin and Suramin on 
pseudotype infection 

Previously It was shown that bovine lactoferrin, a milk 
protein belonging to the iron transporter family, pre- 
vented HCV infection in human hepatocytes (Ikeda etal, 
1988). In another study, Suramin, which is a polysulpho- 
nate pharmaceutical, blocked binding of HCV to human 
hepatocytes (Garson ef a!„ 1999). To examine the effect 
of bovine lactoferrin or Suramin on the infection of the 
pseudotype virus, VSV-E1E2 and VSVAG*-G were prein- 
cubated with the compounds and then the inoculum was 
added to HepG2 cells (Fig. 6). Pretreatment with bovine 
lactoferrin reduced the infectivity of VSV-E1E2 In a dose- 
dependent manner, whereas no effect was observed on 
the infectivity of VSVAG*-G. Similarly, preincubation with 
Suramin reduced the infectivity of VSV-E1E2, but the 
infectivity of VSVAG*-G was also inhibited at the higher 
concentrations. 

Effects of chemical modifications of HepG2 cells on 
infectivity of the pseudotype VSV 

To obtain information on the biological characteristics 
of cellular receptors for HCV, we examined the infectivity 
of the pseudotype VSV-E1E2 on chemically modified 
HepG2 cells, HepG2 cells were treated with various 
concentrations of protease, sodium periodate, or phos- 
pholipase C and then the treated cells were infected with 
2.5 x 10 3 IU of the VSV-E1 E2 or VSVAG*-G. The effects of 
the chemical modifications on infectivity were evaluated 
by counting the number of GFP-positive (infected) cells 
using fluorescence microscopy (Fig. 7A}. When HepG2 
cells were treated with Pronase, the Infectivity of the 
VSV-E1E2 was markedly reduced compared to the infec- 
tivity of VSVAG*-G. However, treatment with phospho- 
lipase C or sodium periodate did not inhibit the infection 
with either of the viruses. These results suggest that 
protein molecule(s) on cell surface plays an important 
role in infection of VSV-E1E2, 
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FIG. 3. (A) Generation of pseudotype VSVs m CHO cell lines constitutively expressing the chimeric HCV envelope proteins and infectivity assays 
of the pseudotype VSVs. {B) Western blot analyses of the pseudotype VSVs possessing HCV chimeric envelope proteins. Schematic representation 
of the pseudotype VSVs is shown at the top. (1) VSVAG*-G is complemented with the VSV G protein, but the genome contains the GFP gens fnstead 
of the VSV G gene, {2) VSVAG* has no envelope protein and was prepared in the parental CHO cells infected with VSVAG*-G. (3) VSV-E1, (4) VSV-E2, 
and (5) VSV-E1E2 were recovered by inoculation of VSVAG*-G into CH0E1, CHOE2, and CHOE1E2, respectively. The purified virions were analyzed 
with Western blots using an anti-VSV polyclonal antibody, an anti-E1 or an anti-E2 monoclonal antibody. G, N, P, and M are the glycoprotein, 
nucleocapsid protein, phosphoprotein, and matrix protein of VSV, respectively. 



Glycosarninoglycans (GAGs) are unbranched polysac- 
charides ubiquitously present on cell surfaces and have 
been shown to be important in the cell surface binding of 
a number of bacteria, parasites, and viruses (Rostand 
and Esko, 1997). In dengue virus, for example, a highly 
sulfated heparan sulfate has been shown to effectively 
prevent the infection of target cells (Chen et ai, f 1997). To 



examine the role of GAGs on the infectivity of. the 
pseudotype virus, HepG2 cells were treated with several 
GAG lyases. Treatment of HepG2 cells with hepahnase 
or heparitinase reduced the infectivity of the VSV-E1E2, 
whereas no reduction in infectivity was observed after 
the cells were treated with keratanase, hyaluronidase, or 
chondroitinase (Fig, 7B). 
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FfG. 4, Infectivity of the pseudotype VSVs on HepG2 cells. The pseudotype 
VSVs produced in the CHO cell lines constitutive!;/ expressing the chimeric 
HCV envelope proteins were added to HepG2 cells and infectivity of the 
pseudotype viruses was determined by quantifying the number of GFP 
expressing cells. The results shown are from three independent as- 
says, with the error bars representing the standard deviation (SD). 

DISCUSSION 

A high risk of chronicity is the major concern of HCV 
infection. Chronic infection of HCV often leads to liver 



TABLE 1 

Jnfectivities of Pseudotype VSVs for Different Cell Lines 



Species 


Ceil line 


Infectious unit$/mi (X10 3 ) 


VSV-E1E2 


VSVAG*-G 


VSVAG* 


Human 


HepG2 


314.0 


347.0 


15.0 




Huh7 


29.4 


13.9 


8.0 




FLC4 


2.2 


472,0 


0 




293T 


61.0 


497.0 


7.7 




HeLa 


0.3 


26.5 


0 


Monkey 


COS7 


121.8 


10.8 


9.0 




CV-1 


67.0 


173.0 


14.0 




MA104 


4.2 


45.1 


0 


Swine 


CPK 


2.2 


194.7 


0 


Bovine 


MD8K 


0 


14.3 


0 


Canine 


MDCK 


2.0 


1.2 


0 


Hamster 


CHO 


0 


32.0 


0 




BHK21 


0 


386.4 


0 


Rat 


BRL3A 


0 


1.2 


0 


Murine 


NMuLi 


0 


12.0 


0 




NIH3T3 


0 


28.8 


0 




NIH3T3-hCD81 


0 


45.5 


0 



Note. VSVAG-E1E2, VSVAG* and VSVAG*-G were prepared by in- 
fecting the CHO cell line expressing both of the chimeric E1 and E2 
proteins, normal CHO cells and those transiently expressing VSV-G 
protein with VSVAG*-G r respectively. To adjust the infectious titer, 
VSVAG*-G was diluted 1CT 3 with DMEM containing 10% FBS, Various 
cell lines were infected with the pseudotype VSVs from the same batch. 
The data are representative results from experiments repeated with 
three patches of viruses. 



cirrhosis and hepatocellular carcinoma. The elimination 
of HCV from chronic hepatitis patients is of utmost im- 
portance. However, the complete removal of HCV has not 
been accomplished even at the experimental level. Fur- 
thermore, the study of the infection mechanism of HCV 
has been hampered by the lack of an efficient ceii cul- 
ture-based infection-neutralization assay. 

To overcome these problems, we produced 
pseudotyped VSVs possessing chimeric HCV glycopro- 
teins and then examined the infectivities of the 
pseudotypes by a simple fluorescence assay based on 
the expression of GFP from the pseudotyped viral ge- 
nome. To assess the neutralization activity of HCV-spe- 
cific antibodies, a NOB assay has been developed which 
measures the inhibition of binding of the purified E2 
protein to hCD81 (Ishii et ai f 1998; Rosa et aL 1996). 
However, the correlation between the NOB activity and 
true virus neutralization activity remains to be proven. We 
examined the sera from the immunized chimpanzees as 
well as the sera from patients possessing NOB antibod- 
ies; however, none of these had neutralization activity 
against the pseudotyped VSVs. These results suggest 
that some antibodies, which can inhibit E2 binding, may 
not prevent HCV infection. The use of the pseudotype 
virus allows the examination of multiple steps of infec- 
tion, Including binding both to the host receptor and to 
the membrane fusion, IX therefore might be more relevant 
to examine the native functions of HCV envelope pro- 
teins using pseudotype VSV bearing both E1 and £2 
proteins rather than the simple binding assay of the 
purified E2 protein to hCD81. Although hCD81 was sug- 
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FIG. 5. Neutralization of pseudotype VSVs, A polyclonal antibody 
against VSV was serially diluted and incubated with 2.5 X 10 3 IU of 
VSV-E1E2 or VSVAG*-G for 30 min at 37°C. The amount of infectious 
virus remaining was quantified by determining the number of GFP 
expressing cells. 
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F\G, 6. Effect of bovine lactoferrin and Suramin on the infectivity of pseudotype VSVs. VSV-E1E2 or VSVAG*-G were pretreated with various 
concentrations of bovine lactoferrin or Suramin at 37°C for 60 min and then added to HepG2 cells. After 16 h of incubation, the number of the GFP 
positive cells was determined. The results shown are from three independent assays, with the error bars representing SD, 



gested to be the binding receptor for the E2 protein of 
HCV (Piieri et aL 1998}, a NIH3T3 mouse ceil line con- 
stitutively expressing hCD81 did not exhibit a higher 
susceptibility of infection for the pseudotyped virus than 
the parental NIH3T3 ceil line. In addition, we recently 
established an HCV-specific cell fusion assay based on 
the activation of a reporter gene (Takikawa et aL, 2000). 
The fusion assay utilizes the same CHO cell lines ex- 
pressing the chimeric HCV envelope proteins as was 
used in this study. We found that expression of hCD81 in 
the same NIH3T3 cell line did not elicit cell-cell fusion 
(Takikawa et aL, 2000), even though the truncated E2 
protein from the type 1b HCV clone used in this study 
efficiently bound to the NIH3T3 cell line expressing 
hCD81 (data not shown). Although hCD81 is expressed 
on the surface of many human cell lines (Levy et aL, 
1998), expression levels of hCD81 on the HepG2 celt line 
are much lower than that of other human cell lines 
examined (Flint et af. r 1999). Nonetheless, HepG2 cells 
showed the highest susceptibility to the pseudotyped 
VSV as well as the most cell-cell fusion (Takikawa et aL, 
2000). These results suggest that expression of hCD81 
alone is not sufficient for infection of HCV and that 
another molecule or cofactor might be required. In the 
case of HepG2 cells, HCV infection may occur In an 
hCD81-independent manner. 

We found that incorporation of both of the chimeric E1 
and E2 proteins into virions was essential for maximal 
infectivity of the pseudotypes. This finding is different 
from the data reported by Ray and colleagues in which 
pseudotyped VSVs possessing either a chimeric E1-G or 
a chimeric E2-G envelope protein individually was suffi- 
cient for virus infectivity on various mammalian cells 
(Lagging et aL 1998; Meyer et aL, 2000). The results by 
Ray et aL are also inconsistent with our previous studies 
in which expression of the both of the chimeric HCV 



envelope proteins was essential for maximal ceihcell 
fusion activity (Takikawa et aL, 2000), Furthermore, our 
E1E2 pseudotyped virus showed no Infectivity on BHK 
cells, whereas the pseudotype viruses generated by 
Ray's group exhibited the highest infectivity on BHK cells. 
Although we do not know the reasons for these contra- 
dictory results, the differences might be attributable to 
the system used to produce the pseudotype VSV We 
employed a system in which foreign proteins expressed 
in trans were incorporated into a recombinant VSV that 
lacked the glycoprotein gene. This system was used 
previously for the production of Infectious pseudotype 
VSVs possessing the Ebola virus glycoprotein (Takada et 
aL, 1997), measles virus glycoproteins (Tatsuo et aL, 
2000), and human T-cell leukemia virus type 1 envelope 
glycoprotein (Okuma et al. r 2001 ). On the other hand, Ray 
and colleagues used a temperature-sensitive VSV mu- 
tant (ts045) for production of the pseudotype VSVs in 
combination with a recombinant vaccinia virus express- 
ing T7 RNA polymerase. Alternatively, the differences 
may be due to the type of HCV envelope protein used or 
the way that the chimeric proteins were constructed. 

The envelope proteins of HCV contain signals that 
retain these proteins in the ER (Cocquerel et aL, 1998, 
1999). The maturation and budding site of HCV is also 
believed to be the ER. In this study, we used stably 
transformed CHO cell Jines expressing chimeric HCV 
envelope proteins instead of a transient expression sys- 
tem to produce the pseudotype VSVs. The size of the E1 
protein expressed on the cell surface of the CHO cells 
was larger (60 kDa) than those expressed in the ER, as 
reported previously (30-35 kDa) (Fournillier-Jacob et aL, 
1996; Meunier et aL, 1999), and the glycans found on the 
E1 chimera were processed to complex, endo H resis- 
tant forms. Although the exact molecular characteristics 
of HCV envelope proteins in the virion are not known yet, 



270 



MATSUURA ET AL 



% of Snfectlvity 
I30 



Phospholipase C 




0 U2S 2.5 5 10 20 © 0.1 0.2 0.4 frS 1*6 

jAg/ml i»M 

□ VSVAG*-G 1 VSV-E1E2 



120 «t 



100 




Htparitinase 



0 OJ02 ft! OS 2.5 IXS 
t/ml 



0 0.01 0.1 1 2 4 




O VSVAG*-G 
■ VSV E1E2 



0 0,0! 0.1 I 2 4 



Hyahtronidase 



Keratanase 



Chondroitinuse ABC 




FIG. 7. Effect of chemical modification of HepG2 cells on infectivity of pseudotype VSVs. (A) HepG2 cells were treated with various concentrations 
of Pronase, sodium periodate, or phosphoiipase C. (B) HepG2 cells were treated with heparinase, heparitinase, hyaluronidase r keratanase, or 
chondroitinase ABC. The treated cells were infected with 2.5 x 10 3 IU of the VSV-E1 E2 or VSVAG*-G, incubated at 37°C for 16 h and then the number 
of the GFP positive cells was determined. The results shown are from three independent assays, with the error bars representing SD. 



the carbohydrates of the envelope proteins on the virions 
are probably processed into complex type during trans- 
port to the cell surface, even if the virions bud into the ER 
lumen. When we produced pseudotype VSVs using a 
transient expression system with 293T cells, the infec- 
tious titers were lower than those obtained from the CHO 
cell lines (data not shown). Whether this difference is 
due to the amount of E1 and E2 expressed on the cell 
surface or due to differences in gfycosylation is not 



known, but the possibility that the glycosylation state of 
E1 might be important for infection Is intriguing. Several 
smaller forms of the chimeric E2 protein were detected in 
the VSV-E2 particles in comparison to that found in VSV- 
E1 E2, suggesting that the chimeric E2 protein was some- 
what unstable and susceptible to proteolysis. Although 
we could not detect an interaction between the chimeric 
E1 and E2 proteins, coexpression of the two proteins 
may contribute to their stability. 
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The effects of chemical modification of HepG2 cells on 
the infectivity of the pseudotype virus suggest that pro- 
tein molecules and GAGs on the cell surface play an 
important role in the binding and/or entry of the 
pseudotype VSV particles. These cell surface compo- 
nents presumably serve as cellular receptors or cofac- 
tors for the virus. The role of GAGs is to bind a diverse 
group of growth factors, chemokines, enzymes, and ma- 
trix components. Many viruses, including herpesviruses 
(Lycke et aL, 1991; WuDunn and Spea, 1989), human 
immunodeficiency virus-1 (H1V-1) (Mondor et aL, 1998; 
Patel etaL, 1993; Roderiquez et aL, 1995), picornaviruses 
(Jackson eta/,, 1996), and afphaviruses (Byrnes and Grif- 
fin, 1998; Klimstra etaL, 1998), utilize GAGs to mediate 
attachment and infection of target cells. Heparin binding 
proteins are known to interact with heparin via electro- 
static interactions generated between the negatively 
charged sulfate groups on heparin and the positively 
charged amino acids within the protein (Cardln and 
Weintraub, 1989; Flynn and Ryan, 1995; Trybala et ai f 

1996) . In dengue virus, both a highly sulfated heparan 
sulfate and a poiysulphonate pharmaceutical, Suramin, 
were shown to effectively prevent infection of target cells 
(Chen et aL 1997). HCV envelope proteins were pre- 
dicted to possess a heparin-bindlng motif (Chen et aL, 

1997) and Suramin was shown to be capable of blocking 
HCV binding to HepG2 cells by using a PCR assay 
(Garson et aL, 1999). However, in this study the effect of 
Suramin on the infection of pseudotype VSVs was not 
specific at high concentrations of this compound. Fur- 
thermore, it should be noted that additional receptors 
besides GAGs are involved in binding and entry of many 
of these viruses. The situation has been most carefully 
studied with HSV-1, where binding to heparan suffate Is 
followed by binding to a more specific protein receptor 
{Montgomery et ai t 1996). Sindbis virus was shown to 
replicate on GAG-deficient pgsA-745 CHO cells and the 
presence of other receptors was suggested (Byrnes and 
Griffin, 1998), Although the nature of these additional 
receptors is not completely clear, it has previously been 
found that treating ceils with either proteases or phos- 
pholipases decreases binding of Sindbis virus (Ubol and 
Griffin, 1991). 

Although chimpanzees immunized with E1 and E2 
proteins were protected from viral challenge with the 
homologous HCV strain (Choo et aL, 1994), earlier stud- 
ies had shown that chimpanzees can be readily rein- 
fected, even with homologous strains of HCV (Farci etaL, 
1992). Therefore, it is believed that cross neutralization 
between different genotypes will be difficult to achieve 
(Lemon and Thomas, 1997), Based on these observa- 
tions, the serum of a chimpanzee immunized with the E1 
and E2 proteins of HCV type 1a may not be able to 
neutralize the pseudotyped virus produced in this study, 
which possessed the type 1b envelope proteins. In the 
case of HIV-1 vaccines, it had been widely accepted that 



multiple envelope protein immunogens might be needed 
to span the range of HIV sequence diversity (Wrin et aL, 
1995). However, LaCasse et aL recently demonstrated 
that epitopes with superior immunogenicity are exposed 
when HIV-1 begins to fuse with host cell membranes. 
These authors reported that HIV-1 gp120-gp41-CD4 fu- 
sion complexes elicited antibodies in transgenic mice 
which were capable of neutralizing a broad range of 
primary isolates of HIV (LaCasse etaL t 1999). Extending 
these findings to HCV, it might be possible that fusion 
intermediates are the critical targets for HCV neutralizing 
antibodies, and that these antibodies would be effective 
for a broad range of HCV genotypes. 

It has been demonstrated that human as well as bo- 
vine lactoferrin binds HCV envelope proteins and the 
regions responsible for specific interactions between 
HCV envelope proteins and lactoferrin have been deter- 
mined (Yi etaL, 1997). Furthermore, Ikeda etaL demon- 
strated that bovine lactoferrin prevented HCV infection in 
human cultured cells {Ikeda et aL, 1988, 2000). In this 
study, we found that bovine lactoferrin exhibited a spe- 
cific and dose-dependent inhibition of VSV-E1E2 infec- 
tion, but had no effect on cell infection by VSVAGM3. 
This specific inhibition of VSV-E1E2 infection by bovine 
lactoferrin suggests that the infection of HepG2 cells by 
the VSV-E1E2 pseudotypes is likely to be similar to the 
infection of cells by native HCV virions. 

In summary, we have established a system for the 
production of VSV pseudotypes possessing modified 
HCV envelope proteins using a CHO cell line constitu- 
tively expressing both of the chimeric HCV envelope 
proteins. In. addition to providing information on the na- 
ture of cellular receptors used by HCV, the VSV-E1E2 
pseudotypes also offer a unique tool to identify potential 
antiviral agents specific for HCV as well as a reagent 
that could oe used to analyze HCV-specific neutralizing 
:arrtibM 

MATERIALS AND METHODS 

Plasmids 

The cDNA for the VSV (Indiana serotype) G protein 
was excised from pGL-1 (Rose and Bergmann, 1982) and 
cloned Into a mammalian expression plasmid pCAGGS 
(Niwa etaL, 1991) under the CAG promoter. The resulting 
plasmid was designated as pCAG-VSVG. Construction of 
expression plasmids encoding chimeric E1 (pCAV340V) 
and E2 protein (pCAV7tlV) was described in detail 
(Takikawa et aL, 2000). The chimeric E1 and E2 con- 
structs consisted of the ectodomains of E1 or E2 protein 
of type 1b HCV cDNA clone (NIH-J1) (Aizaki et aL, 1998) 
and the N-terminal signal sequences, transmembrane, 
and cytoplasmic domains of VSV G protein, as shown in 
Fig. 1. The chimeric E1 and E2 cDNA clones were ex- 
cised by EcoRI digestion from the pCAV340V and 
pCAV711V and cloned into pEF-puro and pEF-neo 
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(Ohashi et aL, 1994), respectively. The resulting expres- 
sion plasmsds were designated as pEF-puro E1 and 
pEF-neo E2. 

Cells 

CHO cells were transfected with either or both of the 
pEF-puro E1 and pEF-neo E2 by eiectroporation (300 V, 
960 /xF, Bio-Rad Gene Pulser, Bio-Rad), selected with 
puromycin {Sigma, St. Louis, MO, 10 jug/ml), and/or ge- 
neticin (1 mg/ml; Gibco BRL, Gaithersburg, MD) and 
stable cell lines were obtained. CHOE1. CHOE2, and 
CHOE1E2 express the chimeric E1, or E2, or both of the 
proteins, respectively. Various mammalian cell lines 
were used to examine their susceptibility to infection by 
the pseudotype VSVs. These included human cell lines 
{HepG2, FLC4, Huh7, HeLa, 293T), monkey kidney cell 
lines (CV-1, COS7, and MA104), as well as cell lines 
derived from other species, including CPK, MDBK, 
MDCK, 8HK21, CHO, BRL3A (rat liver cell), NMuLi (mouse 
liver cell), NIH3T3, and NIH3T3hCD81, which expresses 
hCD81. These cells were grown in Dulbecco's modified 
Eagle's medium (DMEM) {GIBCO Laboratories, Grand 
Island, NY) containing 2 mmol of i_-glutamine, penicillin 
(50 lU/ml), streptomycin (50 /mg/ml), and 10% fetal bovine 
serum (FBS) or in the media recommended by the Amer- 
ican Type Culture Collection (ATCC). HepG2 cells were 
purchased from the Dainippon Pharmaceutical Co., Ltd., 
Osaka, Japan. Huh7 was a gift from the Japanese Cancer 
Research Resources Bank-Cell, Tokyo. BRL3A and 
NMuLi were purchased from the ATCC, NIH3T3hCD81 
and NIH3T3 were kindly provided by Dr. S. Abrignani, 
IRIS, Chiron, Siena Italy. 

Characterization of the chimeric HCV proteins in CHO 
cell lines 

Expression of the chimeric HCV proteins was analyzed 
by flow cytometry. Cells were detached, washed with 
DMEM containing 2% FBS, and incubated with anti-E1 
and anti-E2 monoclonal antibodies raised against par- 
tially purified recombinant E1 and E2 proteins expressed 
by recombinant bsculoviruses (Matsuura et aL, 1994) for 
30 min on ice. After washing, cells were incubated with 
fluorescein isothiocyanate (FITC)-conjugated goat anti- 
mouse IgG (TAGO, Burlingame, CA) diluted to T100 in 
phosphate-buffered saline (PBS) for 30 min on ice. After 
washing with PBS, the cells were analyzed by a FACScan 
flow cytometer (Becton-Dickinson, San Jose, CA). To 
examine the processing of the chimeric proteins in the 
CHO cell lines, cells were labeled with 20 /xCi of Tran 
35 S-label (ICN, Irvine, CA)for 15 min after 2 h of starvation 
with medium deficient in FBS, methionine, and cysteine. 
The medium was then replaced with normal growth me- 
dium, and the radioactively labeled cells were chased for 
0, 2, and 4 h, washed twice with PBS, and dissolved in 
400 /uU of TNE buffer (10 mM Tris-HCI, pH 7.8, 150 mM 



NaCl, 1 mM EDTA, 1% NP-40, 10 /mg of aprotinin per ml). 
Cell iysates (100 jul) were suspended in 900 /xl of TNE 
buffer and incubated with 0.5 /xg of the anti-E1 or E2 
monoclonal antibody and 20 fi\ of Protein A Sepharose 
(Pharmacia, Tokyo) [50% suspension (v/v) in TNE buffer] 
for 1 h at 4°C with rotating. After centrifugation at 8000 g 
for 10 s at 4°C J the pellets were washed twice with TNE 
buffer. Immunoprecipitated proteins were eluted from 
Protein A Sepharose in 50 jul of 0.5% SDS and. 50 mM 
2-mercaptoethanoi by boiling for 2 min. The immunopre- 
cipitates were analyzed by SDS-PAGE. To examine the 
type of oligosaccharides present on the chimeric E1 
envelope protein, the CHOE1E2 cell line was pulse- 
chase labeled and immunoprecipitated with anti-E1 
monoclonal antibody, The immunoprecipitates were di- 
gested with Endo H or PNGase F following a protocol 
provided by the manufacturer and the proteins were 
analyzed by SDS-PAGE. 

Production of pseudotype VSVs possessing chimeric 
HCV envelope proteins 

A recombinant VSVAG*-G was generated by reverse 
genetics as described previously (Takada et aL, 1997). 
Briefly, BHK cells were infected with a recombinant vac- 
cinia virus expressing T7 RNA polymerase (vTF7-3) and 
then transfected with a T7 expression plasmid encoding 
a full-length cDNA clone of a recombinant VSV genome, 
in which the G protein coding region was replaced with 
the GFP gene (AG*), together with plasmids expressing 
the VSV nucleocapsid protein (N), phosphoprotein (P), 
polymerase protein (L), and glycoprotein (G). After re- 
moval of the vaccinia virus by filtering, the AG* virus was 
passaged on cells transiently expressing G protein only. 
The VSV-G complemented virus is denoted VSVAG*-G. 
To produce AG* particles containing the chimeric HCV 
envelope proteins, the CHO cell lines were infected with 
VSVAG*-G at a multiplicity of infection of 5. The virus was 
adsorbed for 1 h at 37°C and extensively washed three 
times with DMEM without FBS. After 16 h of incubation at 
37°C, culture supernatants were collected and centri- 
fuged to remove cell debris. Pseudotyped VSVs contain- 
ing the chimeric E1, E2, or E1E2 proteins were recovered 
after infection of the CHOE1, CHOE2, CHOE1E2 cell lines 
with VSVAG*~G, respectively. In addition, the noncompie- 
mented VSVAG* control virus was recovered from the 
parent CHO cell line. The VSVAG*~G was also amplified 
in CHO cells transfected with pCAG-VSVG. These viruses 
were partially purified by centrifugation through 25% su- 
crose and analyzed by immunoblotting. To determine the 
infectious titer of the pseudotype VSVs, cells were in- 
fected with the pseudotype viruses and incubated at 
37°Cfor 16 h. infectious units (IU) of virus in different cell 
lines were determined by counting the number of GFP- 
expressing cells by fluorescence microscopy. 
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Neutralization assay 

Serially diluted antibodies were incubated with 2.5 x 
10 3 IU of the pseudotype VSV-E1 E2 or VSVAG*-G for 30 
min at 37°C. The amount of infectious virus remaining 
infectious titer was determined as described above by 
counting the number of GFP-expressing ceils under flu- 
orescence microscopy. 

Effects of chemicals on infectivity of pseudotype 
VSVs 

The pseudotype VSV-E1E2 orVSVAG*-G (2.5 X 10 3 IU) 
was preincu bated with various concentrations of bovine 
lactoferrin or Suramin at 37°C for 60 min and inoculated 
into HepG2 cells (4 X 10 4 cells} prepared in a 96-well 
plate. After absorption for 60 min at 37°C f the cells were 
washed with DMEM containing 10% FBS three times and 
incubated at 37°C for 16 h and IU were determined as 
described above. 

Chemical modification of cells 

HepG2 cells (4 x 10 4 cells) prepared in a 96-well plate 
were washed with serum-free DMEM three times and 
incubated with 25 /il of the serum-free DMEM containing 
various concentration of Pronase, sodium periodate, 
phospholipase C, and glycosaminoglycan lyases at 37°C 
for 20, 60, 30, and 60 min, respectively. To stop the 
treatment, an equal volume of DMEM containing 10% 
FBS was inoculated. After washing with serum-free 
DMEM once, the cells were infected with 2,5 X 10 3 IU of 
the pseudotype VSNAE1 E2 or VSVAGM3 and incubated at 
37°C for 16 h and the number of the GFP positive cells 
was determined. 

Reagents 

Endo-j3-A/-acetylglucosaminidase H (Endo H), peptide- 
A/-glycosidase F (PNGase F), and phospholipase C (Ba- 
cillus cereus Grade I) were obtained from Boehringer 
Mannheim, Germany. Pronase and sodium periodate 
(NalOJ were obtained from Aldrich, Tokyo, Japan. Hep- 
aritinase [Fiavobacterium heparinum), heparinase (F he- 
parinum), hyaiuronidase {Streptomyces hyafuro/yticus), 
chondroitinase ABC (Proteus vulgaris), and keratanase 
(Pseudomonas sp.) were kindly provided by Seikagaku 
Corp., Tokyo, japan. Anti-VSV polyclonal antibody was 
purchased from Lee Biomofecufar Research Laborato- 
ries, Inc. (San Diego, CA). Bovine lactoferrin and Suramin 
were obtained from Sigma Chemical Co. 

ACKNOWLEDGMENTS 

We thank Or J. K. Rose for providing the pGM plasmid, Dr. S, 
Abngnani for the NIH3T3 cell line expressing hCD81, and Dr. M. Hough- 
ton for the immunized chimpanzee serum. We also thank T. Mizoguchi 
and Yuko Matsuura for secretarial work and S, Ogawa for technical 
assistance. This work was supported by a Research on Advanced 



Medical Technology grant (Y.M.) and a Research on Emerging and 
Re-Emerging Infectious Diseases grant (T.M.) from the Ministry of 
Health and Welfare, Organization for Pharmaceutical Safety and Re- 
search grant (OPSR) (T.M.), and Grant-in Aid from the Ministry of 
Education, Science, Sports, and Culture of Japan (Y.M.), and by NIH 
Grants GM-53726 and AI-48216 (MAW). 

REFERENCES 

Aizaki, H., Aoki, Y., Harada.T., Ishii, K„ Suzuki, T, Nagamori, S., Toda, G., 
Matsuura, Y, and Miyamura, T. (1998). FuEHangth complementary 
DNA of hepatitis C virus genome from an infectious blood sample. 
Hepatology 27, 621-627. 

Alter, M. J., Margolis, H. S., Krawczynski, fc, Judson, F. N. f Mares, A., 
Alexander, W j. T Hu p P. Y, Miller, j. K., Gerber T M. A., Sampliner, R. E.» 
Meeks, E. L., and Beach, M. J. (1992). The natural history of commu- 
nity-acquired hepatitis C in the United States. N. Engl, J, Med, 327, 
1899-1905. 

Byrnes, A. P., and Griffin, D. E. (1998). Binding of Sindbis virus to cell 

surface heparan sulfate. I Virol. 72,7349-7356, 
Cardin, A. D. r and Weintraub, H. J. R. (1989), Molecular modeling of 

protem-glycosaminoglycan interactions. Arteriosclerosis 9, 21-32. 
Chen, Y, Maguire, T. T, Hileman, R. E., Fromm T J. R. ( Esko, J. D., Linhardt, 

R. J., and Marks, R. M. (1997). Dengue virus infectivity depends on 

envelope protein binding to target cell heparan sulfate. Nat Med. 3, 

866-871 

Choo, Q.-L, Kuo, G., Ralston, R., Weiner, A., Chien, D., Nest, G. V., Han, 
J„ Berger, K., Thudium, K„ Kuo, C, Kansopon, J., McFarland, J., Tabriz!, 
A„ Ching, K., Moss, B., Cummins, L B., Houghton, M., and Much- 
more, E. (1994), Vaccination of chimpanzees against infection by the 
hepatitis C virus. Proc, Natf. Acad Set. USA 91, 1294-1298. 

Cocquerel, L, Duvet, S., Meunier, J. C, Pillez, A., Cacan, R,, Wychowski, 

C, and Dubuisson T J. (1999). The transmembrane domain of hepatitis 
C virus glycoprotein E1 is a signal for static retention in the endo- 
plasmic reticulum. I Virol. 73, 2641-2649, 

Cocquerel, L, Meunier, J. C, Pillez, A. T Wychowski, C, and Dubuisson, 
J. (1998). A retention signal necessary and sufficient for endoplasmic 
reticulum localization maps to the transmembrane domain of hepa- 
titis C virus glycoprotein E2. J. Virol. 72 r 2183-2191. 

Deieersnyder, V„ Pillez, A., Wychowski, C, Blight, K., Xu, J., Hahn, Y. S., 
Rice, C. M., and Dubuisson, J. {1997}. Formation of native hepatitis C 
virus glycoprotein complexes. I Virol. 71, 697-704. 

Dubuisson, J., Hsu, H. H„ Cheung, R. C, Greenberg, H. B., Russeil, 

D. G., and Rice, C. M. (1994). Formation and mtracelluiar localization 
of hepatitis C virus envelope glycoprotein complexes expressed by 
recombinant vaccinia and Sindbis viruses, I Virol, 68, 6147-6160. 

Dubuisson, J. (2000). Folding, assembly, and subcellular localization of 
hepatitis C virus glycoproteins. Cure Top. Microbiol. Immunol. 242, 
135-148. 

Dubuisson, )., Duvet, S., Meunier, J. C., Op De Beeck, A., Cacan, R +1 
Wychowski, C., and Cocquerel, L (2000). Gtycosylation of the hepa- 
titis C virus envelope protein E1 is dependent on the presence of a 
downstream sequence on the viral polyprotein, J. Biol. Chem. 275, 
30605-306Q9. 

Farci, R, AEter, H. J. h Govindarajan, S., Wong, D, C, Engle, R., Le- 
sniewski, R. R. : Mushahwar, I. K., Desai, S. M., Miller, R. H., Ogata, N., 
and Purcell, Ft H, (199£). Lack of protective immunity against rein- 
fection with hepatitis C virus. Science 258, 135-140, 

Flint, M., Thomas, J. M., Maidens, C. M., Shotton, C, Levy, S„ Barclay, 
W. S., and McKeatmg, I A. (1999). Functional analysis of cell surface- 
expressed hepatitis C virus E2 glycoprotein. I Virol. 73, 6782-6790. 

Flynn, S, J„ and Ryan, P. (1995), A heterologous heparin-binding domain 
can promote functional attachment of a pseudorabies virus gC mu- 
tant to cell surfaces. I Virol. 69, 834-839. 

Foumillier-Jacob, A., Cahour, A., Escriou, N., Girad, M., and Wychowski, 
C. (1996). Processing of the E1 glycoprotein of hepatitis C virus 
expressed in mammalian ceils. / Gen. Virol. 77, 1055-1064. 



MATSUURA ET AL. 



274 

Garson, J. A., Lubach, D T| Passas, J„ Whitby, K. P and Grant, P. R, (1999). 
Suramin blocks hepatitis C binding to human hepatoma cells in vitro. 
/ Med. Virol. 57, 238-242. 

Grakoui, A., Wychowski, C, Lin, C. T Feinstone, S- M., and Rice, C. M. 
(1993). Expression and identification of hepatitis C virus polyprotein 
cleavage products. / Virol. 67, 1385-1395. 

Houghton, M. (1996). Hepatitis C viruses, In "Fields Virology," 3rd ed. 
(B. N. Fields, D. M. Knipe, and P. M. Howley, Eds.), pp 1035-1058. 
Lippincott-Raven, Philadelphia, PA. 

Ikeda, M„ Sugiyama, K., Tanaka, T., Tanaka* K. ( Sekihara, H., Shimo- 
tohno, K. , and Kato, N. (1988). Lactoferrin markedly inhibits hepatitis 
C virus infection in cultured human hepatocytes. Biochem. Biophys. 
Res. Commun, 245, 549-553. 

Ikeda, M., Nozaki, A., Sugiyama, K., Tanaka, T. h Naganuma, A., Tanaka, 
K., Sekihara, H, } Shimotohno, K., Saito, M., and Kato. N, (2000). 
Characterization of antiviral activity of lactoferrin against hepatitis C 
virus infection in human cultured cells. Virus Res. 66, 51-63. 

Jshii, K., Rosa, D., Watanabe, Y., Katayama, T„ Harada, H., Wyatt, C, 
Kiyosawa, K., Aizaki, H. p Matsuura, Y„ Houghton* M., Abrignani, S,, 
and Miyamura, T. (1998). High titers of antibodies inhibiting the 
binding of envelope to human cells correlate with natural resolution 
of chronic hepatitis C. Hepatofogy 28, 1117-1120. 

Ito, T., Mukaigawa, J., Zuo, J., HirabayashL Y., Mitamura, K., and Yasui, 
K. (1996). Cultivation of hepatitis C virus in primary hepatocyte culture 
from patients with chronic hepatitis C results in release of high titre 
infectious virus. L Gen. Viroi 11, 1043-1054. 

Jackson, T., Eliard, F. M., Abu, G. R., Brookes, S. M., Biakemore, W E., 
Corteyn, A. H., Stuart, D. !., Newman, J. W. I., and King, A. M. Q. (1996). 
Efficient infection of cells in culture by type 0 foot-and-mouth dis- 
ease virus requires binding to cell surface heparan sulfate. J, Virol 
70, 5282-5287. 

Kate, N., Sekiya, H., Ootsuyama, Y, Nakazawa.T., Hijikata, M. ( Ohkoshi, 
$.. and Shtmotohno, K. (1993). Humoral immune response to hyper- 
variable region 1 of the putative envelope gEyco protein (gp70) of 
hepatitis C virus, / Viroi 67, 3923-3930. 

Klimstra, W. B„ Ryman, K. D., and Johnston, R. E. (1998). Adaptation of 
Sindbis virus to BHK ceils selects for use of heparan sulfate as an 
attachment receptor. I Viroi. 72, 7357-7366. 

LaCasse, R. A., Follis, K. F., Trahey, M„ Scarborough, J. D., Littman, D. R., 
and Nunberg, j. H. (1999). Fusion-competent vaccines: Broad neu- 
tralization of primary isolates of HIV. Science 283, 357-362. 

Lagging, L M,, Randall, K. M., Owens, J. t and Ray, R. (1998). Functional 
role of hepatitis C virus chimeric glycoproteins in the infectivity of 
pseudotyped virus. / Virol. 12, 3539-3546. 

Lawson, N. D., Stillman, E. A. p Whitt, M, A., and Rose, J. K. (1995). 
Recombinant vesicular stomatitis viruses from DNA. Proc. Natl. 
Acad. Set. USA 92, 4477-4481. 

Lemon, S. M., and Thomas, D. L (1997). Vaccines to prevent viral 
hepatitis. N. Engi. J. Med. 336, 196-204. 

Levy, S. r Todd, S. C, and Maecker, H. T. (1998). CD81 (TAPA-1); A 
motecule involved in signai transduction and cell adhesion in the 
immune system. Annu. Rev. Immunol. 16, 89-109. 

Lycke, E., Johansson, M., Svennerholm, B., and Lindahl, U. (1991). 
Binding of herpes simplex virus to cellular heparan sulphate, an 
initial step in the adsorption process. / Gen. Viroi. 72, 1131-1137. 

Matsuura, Y., Suzuki, T, Suzuki, R., Sato, M., Aizaki, H., Saito, I., and 
Miyamura, T. (1994). Processing of E1 and B2 glycoproteins of hep- 
atitis C virus expressed In mammalian and insect cells. Virology 205, 
141-150, 

Mebatsion, T, Schnelf, M, J„ Cox, J. K, Finke, S., and Conzelmann, IC K. 
(1996). Highly stable expression of a foreign gene from rabies virus 
vectors. Proa Natl. Acad. Sci. USA 93, 7310-7314. 

Meunier, j. C, Fournillier, A., Choukhi, A„ Cahour, A., Cocquerel, L, 
Dubuisson, J., and Wychowdki, C. (1999). Analysis of the glycosyla- 
tion sites of hepatitis C virus (HCV) glycoprotein E1 and the influence 
of E1 glycans on the formation of the HCV glycoprotein complex. 
J. Gen. Viroi 80, 887-896. 



Meyer, K., Basu, A,, and Ray t R. (2000), Functional features of hepatitis 
C virus glycoproteins for pseudotype virus entry into mammalian 
cells. Virology 276, 214-226. 

Mizutani, T, Kato, H. t Saito, S. P Ikeda, M. r Sugiyama, <., and Shimo- 
tohno, K. (1996). Characterization of hepatitis C virus replication in 
cloned celis obtained from a human T-cell leukemia virus type 
1 -infected cell line, MT-2. J. Virol. 70, 7219-7223. 

Mondor, I,, Ugolini, and Sattentau, Q. J. (1998). Human immunode- 
ficiency virus type 1 attachment to HeLa CD4 cells is CD4 indepen- 
dent and gp120 dependent and requires cell surface heparans. 
J. Viroi. 72, 3623-3634. 

Montgomery, R. I., Warner, M. S. f Lum, B. J., and Spear, R G, (1996). 
Herpes simplex virus- 1 entry into cells mediated by a novel member 
of the TNF/NGF receptor family. Cell 87, 427-436. 

Niwa, H„ Yamamura, K., and Miyazaki, J. (1991). Efficient selection for 
high-expression transfectants with a novel eukaryotic vector, Gene 
108, 193-200. 

Ohashi, H, Maruyama, K. t Liu, Y.-C, and Yoshimura, A. (1994). Ligand- 
induced activation of chimeric receptors between the erythropoietin 
receptor and receptor tyrosine kinases. Proc. Natl. Acad. Sci USA 91, 
168-162, 

Okuma, K., Matsuura, Y., Tatsuo, H., Inagaki, Y, Nakamura, M„ 
Yamamoto. N., and Yanagi, Y. (2001). Analysis of the molecules 
involved in human T-cell leukaemia virus type 1 entry by a vesicular 
stomatitis virus pseudotype bearing its envelope glycoproteins. 
J. Gen. Viroi 82, 821-830. 

Patel, M., Yanagishita, M. F Roderiquez, G„ Bou-Habib, D. C, Oravecz, I, 
Hascall, V. C, and Norcross, M. A. (1993). Cefl-surface heparan 
sulfate proteoglycan mediates HIV-1 infection of T cell lines, AIDS 
Res. Hum. Retroviruses 9, 167-174. 

Pileri, P., Uematsu, Y. F Campagnoli, S., Gal M, G., Falugi, R, Petracca, R., 
Weiner, A. J., Houghton, M., Rosa, D. f Grandi, G., and Abrignani, S. 
(1998). Binding of hepatitis C virus to CD81. Science 282, 938-941. 

Ralston, ft., Thudium, K., Berger, K., Kuo, C. Gervase, B., Hall, I, Selby, 
M., Kuo, G., Houghton, M., and Choo. Q.-L (1993). Characterization of 
hepatitis C virus envelope glycoprotein complexes expressed by 
recombinant vaccinia viruses. / Viroi 67, 6753-6761. 

Roderiquez, G. r Oravecz, X, Yanagishita, M., Bou-Habib, D. C, 
Mostowski, K, and Norcross, M. A. (1995). Mediation of human 
immunodeficiency virus type 1 binding by interaction of cell surface 
heparan sulfate proteoglycans with the V3 region of envelope gp120- 
gp41. J. Viroi 69, 2233-2239. 

Rosa, D„ Campagnoli, S., Moretto, C, Guenzi, E., Cousens, L, Chin, M., 
Dong, C, Weiner, A. J, Lau, J, Y. N. t Choo, Q.-L, Chien, D., Pileri, P., 
Houghton, M., and Abrignani, S. (1996). A quantitative test to estimate 
neutralizing antibodies to the hepatitis C virus; Cytofluori metric as- 
sessment of envelope glycoprotein 2 binding to target cells. Proc. 
Natl Acad. Sci. USA 93, 1759-1763. 

Rose, J. K., and Bergmann, J. E, (1982). Expression from cloned cDNA of 
cell-surface secreted forms of the glycoprotein of vesicular stomatitis 
virus in eucaryotic cells. Cell 30, 753-762. 

Rostand, K. S., and Esko, J. D. (1997). Microbial adherence to and 
invasion through proteoglycans. Infect, immun, 65, 1-8. 

Rubin, H. (1965). Genetic control of cellular susceptibility to 
pseudotypes of Rous sarcoma virus. Virology 26 T 270-278. 

Saito, I., Miyamura, T, r Ohbayashi, A„ Harada, H., Katayama, T., Kikuchi, 
$., Watanabe, Y, Koi, $, Onji T M. t Ohta, Y., Choo, Q.-L, Houghton* M., 
and Kuo, G. (1990). Hepatitis C virus infection is associated with the 
development of hepatocellular carcinoma. Proc. Natl Acad. Sci. USA 
87, 6547-6549. 

Schnell, M. J., Buonocore, L, Kretzschmar, E., Johnson, E., and Rose, 
J. K. (1996). Foreign giycoproteins expressed from recombinant ve- 
sicular stomatitis viruses are incorporated efficiently into virus par- 
ticles. Proc. Natl. Acad. Sci: USA 93, 11359-11365. 

Schnell, M, J T , Mebatsion, T., and Conzelmann, K. K. (1994). Infectious 
rabies viruses from cloned cDNA. EM80 J. 13, 4195-4203. 

Selby, M. J., Glazer, E., Masiarz, R r and Houghton, M, (1994). Complex 



PSEUDOTYPE VSVs POSSESSING HCV ENVELOPE PROTEINS 



275 



processing and protein: Protein interactions In the E2=NS2 region of 
HCV. Virology 204, 114-122. 

Shimizu, Y. K., Iwamoto, A., Hijikata, M., Purcell, R, H,, and Yoshikura, H. 
(1992). Evidence for in vitro replication of hepatitis C virus genome in 
a human T-cell line. Proa Natl. Acad. Sci. USA 89, 5477-5481. 

Takacfa, A. ( Robison, C, Goto, H. f Sanchez, A, Murti, K. G., Whitt, M. A, 
and Kawaotca, Y (1997), A system for functional analysis of Ebola 
virus glycoprotein. Proc. Natf. Acad. Sci USA 94, 14764™14769. 

Takikawa, S., Ishij, K., Aizaki, H., Asakura, H„ Suzuki, T., Matsuura, Y, 
and Miyamura, T. {2000). Cell fusion activity of hepatitis C virus 
envelope proteins. J. Virol. 74, 5066-5074, 

Tatsuo, H., Okurna, K. F Tanaka, K., Ono } N„ Minagawa, H., Takeda, A. r 
Matsuura, Y, and Yanagi, Y {2000). Virus entry is a major determinant 
of cell tropism of Edmonston and wild-type strains of measles virus 
as revealed by vesicular stomatitis virus pseudotypes bearing their 
envelope proteins, J. ViroL 74, 4139-4145. 

Trybala, E., Bergstrom, T., Spilimann, D„ Svennerholm, B. F Olofsson, S„ 
Flynn, S. J„ and Ryan, P. {1996). Mode of interaction between pseu- 
dorabies virus and heparan sulfate/heparin. Virology 218, 35-42. 

Ubol, S„ and Griffin, D T E. (1991). Identification of a putative aiphavirus 
receptor on mouse neural cells. I Virol 65, 6913-6921, 

Weiner, A. r Erickson, A. L, Kansopon, J., Crawford, K„ Muchmore, £., 



Hughes, A. L, Houghton, M. t and Walker, C, M, {1995}. Persistent 
hepatitis C virus infection in a chimpanzee is associated with emer- 
gence of a cytotoxic T lymphocyte escape variant, Proa NaV. Acad. 
Sci USA 92, 2755-2759. 

Weiner, A. J., Geysen, H. M., Christopherson, C, Hall, J, E„ Mason, T. J., 
Saracco, G M Bonino, F. ( Crawford, K„ Marion, C. D. p Crawford, K. A., 
Brunetto, M., Barr, P. J., Miyamura, T., McHutchinson, J., and Hough- 
ton, M. (1992). Evidence for immune selection of hepatitis C virus 
(HCV) putative envelope glycoprotein variants: Potential role in 
chronic HCV infections. Proc. Nati. Acad. Sci. USA 89, 3468-3472, 

Whelan, S. P., Ball, J. N„ and Wertz, G. T. (1995). Efficient recovery of 
infectious vesicular stomatitis virus entirely from cDNA clones, Proc. 
NatL Acad. Sci USA 92, 8388-8392. 

Wrin, T„ Loh, T. P., Vennari, J. C, Schuitemaker, H., and Nunberg, J, H. 
(1996). Adaptation to persistent growth in the H9 cell line renders a 
primary isolate ol human immunodeficiency virus type 1 sensitive to 
neutralization by vaccine sera. I ViroL 69, 39-48. 

WuDunn, D., and Spea, P. G. (1989). Initial interaction of herpes simplex 
virus with cells is binding to heparan sulfate. / Viroi. 63, 52-58. 

Yi, M., Kaneko, S., Yu, D. Y. r and Murakami, S, (1997). Hepatitis C virus 
envelope proteins bind lactoferrin. J. Viroi. 71, 5997-6002. 



Virology 302, 294-298 (2002) 
doM0.1006/viro.2002.1B25 



Mechanism of Neutralization of influenza Virus infectivity by Antibodies 

M. Knossow,*' 1 M. Gaudier,* A. Douglas.t B. Barrere.t T, Bizebard,* C. Barbey.* B. Gigant * and J. J. Skehelt 

*Laboratoire d'Enzymoiogie et Biochimie Structures, UPR 9063 CNRS, Bet 34, CNRS, 91198 GiHur-Yvette Cedex, France; and 
X Division of Virology, M.R.C., National institute for Medical Research, Mill Hill, London NW7 1AA, United Kingdom 

Received April 18, 2002; returned to author for revision May 28, 2002; accepted June 17. 2002 

We have determined the mechanism of neutralization of influenza virus infectivity by three antihemagglutinin monoclonal 
anybodies, the structures of which we have analyzed before as complexes with hemagglutinin. The antibodies differ in thetr 
sites of interaction with hemagglutinin and in their abilities to interfere in vitro with its two functions of receptor binding and 
membrane fusion. We demonstrate that despite these differences all three antibodies neutralize infectivity by preventing 
virus from binding to cells. Neutralization occurs at an average of one antibody bound per four hemagglutinins, a ratio 
sufficient to prevent the simultaneous receptor binding of hemagglutinins that is necessary to attach virus to cells. © 2002 
Elsevier Science {USA) 
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INTRODUCTION 

Protection against influenza is mediated by antihem- 
agglutinin (HA) antibodies which also display virus infec- 
tivity neutralization In vitro. Two lines of evidence sug- 
gest that antibodies that participate in neutralization are 
an important component of those that lead to protection 
from infection; F(ab') £ preparations, devoid of the Fc- 
dependent functions of the IgGs, were found to cure 
infections in SCID mice (Pailadino et aL t 1995) and anti- 
bodies that do not neutralize have generally been found 
to be incapable of curing infections in these animals 
(Gerhard et aL, 1997). There are, however, uncertainties 
about the mechanism of neutralization of influenza virus 
infectivity (for reviews, see Dimmock, 1995; Klasse and 
Sattentau, 2001; Parren and Burton, 2001). We have 
therefore determined the structures of complexes of HA 
with three antibodies that bind to three distinct epitopes 
on HA (Barbey-Martin et aL t 2002; Bizebard et aL, 1995; 
Daniels et aL 1983, 1987; Fleury etaL, 1999; Skehel etai., 
1984) (Fig. 1) and studied the mechanism by which they 
neutralize infectivity. 

HA is involved in two steps of the process of influenza 
virus infection. It binds the virus to its cellular receptors, 
sialic acid residues of glycolipids, or glycolipids, and, 
following endocytosis, it mediates the fusion of viral and 
cellular membranes to permit entry of the genome-tran- 
scriptase complex into the celL HA is a trimer of identical 
subunits. Structurally, each subunit consists of a mem- 
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brane-proximal helix-rich stem structure and a mem- 
brane-distal receptor-binding globular domain (Wiley 
and Skehel, 1987). The epitopes recognized by the three 
antibodies we have studied are located on the receptor- 
binding domain (Fig, 1). Two of them overlap with the 
receptor-binding site and block access to it (Barbey- 
Martin et aL, 2002; Bizebard etai, 1995), while the third 
is distant from the site (Fleury et af, r 1999). The three 
antibodies also differ in their abilities to prevent the 
structural transition of HA that is required for fusion of 
virus and cellular membranes: one of them blocks this 
transition, the other two do not (Barbey-Martin et aL r 
2002). 

These three antibodies, therefore, are representative 
of the range of neutralizing antibodies that react with 
hemagglutinin and have provided the opportunity for us 
to study the relationship of neutralization to the inhibition 
of two successive steps in viral entry into the cell, in a 
structurally defined context. We show that there is a 
direct correlation between neutralization of virus infec- 
tivity and inhibition of virus binding to cells and deter- 
mine for each of the antibodies the number of molecules 
that is required to achieve neutralization, 

RESULTS AND DISCUSSION 

The number of antibodies bound to virus in 
neutralization 

The number of antibody molecules bound to virus was 
measured by incubating ,25 Habeled antibody with virus 
and separating bound from unbound antibody by centrif- 
ugation. The antibody concentrations chosen covered 
the range of concentrations in which neutralization of 
infectivity varies between 0 and 100% and the concen- 
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HC63{226) HC19(157) HC45{63) 

FJG. 1. The Fab-HA complexes in this study. Ribbon diagrams of the 
complexes showing one X31 HA monomer (each monomer contains 
two polypeptide chains: one in blue forming the receptor-binding do- 
main and the other in red forming the stem domain) and, Irorn left to 
right, the HC63(226), HC19(157), and HC45(63) Fabs (in green). Amino 
acids in the receptor-binding site are shown as yellow space-filling 
models. Each antibody is designated by a number as in previous work 
together with (in parentheses) the residue in the sequence in which a 
mutation has been identified that allows a variant virus to escape from 
neutralization of infectivity by the antibody. These residues are colored 
in red Id the complexes. 

tration required for each antibody to saturate the virus. 
The data in Fig. 2 indicate that iodination of the antibod- 
ies does not significantly affect virus-antibody interac- 
tions (compare Fig. 3), We also checked that antibody 
does not significantly detach from virus during separa- 
tion of the complex by comparing our results to those 
obtained by centrifugation through a sucrose solution in 
which 125 l-labeled antibody was present at the same 
concentration as that incubated with virus. 

Two of the antibodies, HC19(157) and HC45{63), neu- 
tralize viral infectivity at a concentration at which they 
saturate the virus (5 X 10"" 10 M and 10^ 8 M, respectively), 
whereas the third antibody, HC63(226}. neutralizes at an 
antibody concentration of 4 x 10~ 10 M, lower than the 
concentration required for saturation (2 X 10~ 8 M). These 
results are consistent with observations made on the 
basis of the structures, that whereas bound HC63{226) 
Fabs extend from the hemagglutinin within the space 
projected radially from a trimer, HC19(157) and HC45{63) 
both bind on the sides of the trimer so that their com- 
plexes occupy more space on the virus surface than the 
trimer (Fig. 1). As a consequence of the limited space 
available on the virus surface, saturation occurs at an 
antibody:HA ratio that depends on the geometry of the 




Antibody Concentration (W) 

FIG. 2. The relation between the number ol antibody molecules 
bound to a virus particle and neutralization, The ratios of the number of 
virus plaques to the number of plaques formed without antibody (plain 
lines, filled symbols) and the number of antibody molecules bound to 10 
HAU of X31 virus (dashed lines, open symbols) are plotted on a 
semilogarithmic scale as a function of antibody concentration 
(HC19057): O; HC63(226): A; HC45{63): V). Each point of the latter 
curves is the average of three independent experiments; plaque num- 
ber ratios are the average of two experiments. 



specific HA-antibody complex. Obviously, saturation of 
virus by all antibodies with the ability to neutralize infec- 
tivity occurs at a concentration higher than or equal to 
that required for neutralization, which is what we find. 

The antibody:HA spike ratio at which complete neu- 
tralization by HC45(63) is achieved is ca. 1=3 it 1. For 
HC19(157) and HC63(226), this ratio is ca. 1:5 ± 1.5. 
Neutralization by HC45{63) is therefore less efficient than 
by HC19{157) or HC63(226) for two reasons. HC45(63} 
has a lower avidity for hemagglutinin on the virus surface 




Antibody Concentration (M} 

FIG, 3. The relation between inhibition of virus binding to cells by 
antibodies and neutralization. The ratios of the number of virus plaques 
to the number of plaques without antibody (plain lines, filled symbols) 
and the ratio of cell-bound virus to cell-bound virus without antibody 
(dashed lines, open symbols) are plotted on a semilogarithmic scale as 
a function of antibody concentration (HC19(157): O; HC63(226)= A; 
HC45(63)= V). Each point is the average of three independent experi- 
ments. 
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(Fleury et ai, 1999), and more HC45(63) antibody mole- 
cules than HC19(157} or HC63(226) antibodies are re- 
quired to bind to a virus to neutralize its infectivity. 

Antibodies block virus attachment to cells 

Viral attachment to cells is the first step in the infec- 
tious cycle and its inhibition would appear to be an 
effective way of preventing infection. Despite this, inhi- 
bition of virus attachment to cells by antibodies has been 
reported only rarely as the major contributor to infectivity 
neutralization (see Ugolini ef ai, 1997 for an example and 
Dimmock, 1995 for a review). There are, however, several 
examples of inhibition of virus attachment by neutralizing 
antibodies (Cotonno etai, 1989; Flamand etai, 1993; He 
et ai, 1995; Smith ef ai, 1993}. Using mixtures of anti- 
bodies and labeled virus, we determined the amount of 
radioactive virus that bound to cells as a function of 
antibody concentration. In parallel we determined the 
reduction in the number of infectious particles caused by 
mixing a constant amount of virus with antibodies at 
different concentrations. The data presented in Fig. 3 
demonstrate a direct correlation between inhibition of 
virus binding to cells and neutralization of infectivity. 
From our structural analyses two of the antibodies, 
HC19(157) and HC63(226), bind to the receptor-binding 
site. Since their affinities for hemagglutinin {K D of Fabs 
5 X 10 _K} M (Fleury et ai, 1999) and 1.7 X 10" 10 M, 
respectively) are much stronger than the affinities of the 
receptor-binding site for sialyllactose receptor ana- 
logues [K D 2 x 1CT 3 M) (Sauter etai, 1989), these anti- 
bodies effectively block receptor binding. The third anti- 
body HC45(63) also has a strong affinity for HA (K p of 
Fab: 10" 9 M) (Fleury et ai, 1999) but binds to HA at a 
distance from the receptor-binding site; the distance of 
the nearest Fab atom to the receptor-binding site is 17 A 
(Fleury et ai, 1999). Nevertheless, its inhibition of virus 
binding at different concentrations correlates with its 
neutralization of infectivity. Because of the low affinity of 
the HA receptor-binding site for the virus receptor, sev- 
eral HAs bind to a receptor upon attachment of a virus 
particle to a cell. Presumably in the case of HC45(63), the 
bound immunoglobulin, because of its large size, pre- 
vents this simultaneous binding. Since HC45(63) binds 
outside the receptor-binding site and closer to the virus 
membrane than antibodies HC19(157) and HC63{226), 
one would predict that it inhibits simultaneous binding of 
several HAs to a viral receptor less efficiently than these 
antibodies. Indeed, less HC19(157) or HC63(226) anti- 
bodies than HC45(63) antibodies are required to bind to 
a virus particle to neutralize its infectivity (see above), 

One of the three antibodies we studied, HC63(226), 
cross-links in vitro monomers in the hemagglutinin trimer 
(Barbey-Martin et ai, 2002) and prevents the low pH- 
activated structural transition required for membrane fu- 
sion (Skehel and Wiley, 2000). The epitopes of this anti- 



body and of HC19(157) overlap with the receptor-binding 
site and both antibodies have similar affinities for HA but, 
as opposed to HC63(226), HC19(167) does not interfere 
with the low pH-activated structural change. Since fusion 
in endosomes follows receptor-binding and endocytosis, 
in order for fusion inhibition to contribute to neutraliza- 
tion, it would have to occur at an antibody concentration 
at which virus still binds to cells. In the case of antibody 
HC63(226) this would be at a very low antibody concen- 
tration since complete neutralization by HC63(226) and 
inhibition of virus binding to cells is achieved at an 
antibody concentration of 5 X 10~ 10 M. At this concen- 
tration the ratio of the number of antibodies bound to 
virus to the number of hemagglutinin spikes per virus is 
close to 1:5 (see above and Fig. 2). In these conditions 
the maximum proportion of hemagglutinin trimers that 
are internally cross-linked is also 1:5, so that about 80% 
of the hemagglutinins could still undergo the low pH 
structural change. It is nevertheless possible that if the 
HAs in virus particles are fixed in the plane of the mem- 
brane and if the mechanism of membrane fusion re- 
quires the cooperation of a number of HAs, inhibition of 
fusion could contribute to infectivity neutralization. How- 
ever, the direct correlation between neutralization of in- 
fectivity and inhibition of binding to cells by the antibod- 
ies studied here (Fig. 3) suggests that they neutralize 
infectivity by preventing receptor binding and that inhibi- 
tion of membrane fusion does not contribute significantly 
to neutralization. 

Concluding remarks 

Our results highlight two features of the antibody in- 
hibition of virus binding to cells which affect neutraliza- 
tion of infectivity: 

First, the average number of virus-bound antibodies 
required for neutralization is between 60 and 1 10 with an 
estimated number of HA trimers per virion of about 300 
(Cusack et ai, 1985) (larger estimates have also been 
proposed by Taylor et ai, 1987}. This is not inconsistent 
with the single-hit kinetics of viral neutralization that 
have been observed (Schofield et ai, 1997), as noted and 
reviewed elsewhere (Dimmock, 1995; Klasse and Moore, 
1996; Parren and Burton, 2001). 

Second, the antibody concentration required to 
achieve neutralization, between 2 X 10" 10 M for 
HC19(157) and 10" 3 M for HC45{63), is significantly 
higher than the avidities of the antibodies for viral HA 
(HC19(157)= ~6X 10" 12 M; HC45{63)= K D = 100 X 
10^ 1 * M) {Fleury et ai t 1999). These were measured at 
low virus occupancy; as more antibody molecules are 
bound to virus and crowding on the viral surface in- 
creases, their avidity for virus HA is expected to de- 
crease. This would explain the observed difference be- 
tween antibody avidity for viral HA and the antibody 
concentration required for neutralization of viral infectiv- 
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ABSTRACT A pane! of 20 recombinant Fab fragments 
reactive with the surface glycoprotein gpl20 of human type 1 
immunodeficiency virus (HIV-1) were examined for their abil- 
ity to neutralize MN and OIB strains of the virus. Neutraliza- 
tion was determined as the ability of the Fab fragments to 
inhibit infection as measured in both a p24 ELISA and a 
syncytium-formation assay. One group of closely sequence- 
related Fab fragments was found to neutralize virus in both 
assays with a 50% neutralization titer at »1 pg/ml. Another 
Fab neutralized in the p24 ELISA but not in the syncytium 
assay. The other Fab fragments showed weak or no neutral- 
izing ability. The results imply that virion aggregation or 
crosslinking of gpl20 molecules on the virion surface is not an 
absolute requirement for HTV-1 neutralization. Further, all of 
the Fab fragments were shown to be competitive with soluble 
CD4 for binding to gpl20 and yet few neutralized the virus 
effectively, implying that the mechanism of neutralization in 
this case may not involve receptor blocking* The observation of 
a preponderance of high-affinity Fab fragments with poor or no 
neutralizing abUity could have implications for vaccine strat- 
egies. 

The binding of antibodies to viruses can result in loss of 
infectivity or neutralization and, although antibodies are not 
the only defense mechanism against viruses, it is widely 
accepted that antibodies have an important role to play 
(reviewed in ref. 1). However, understanding of the molec- 
ular principles underlying antibody neutralization is limited 
and lags behind that of the other effector functions of 
antibody (2). Such understanding is required for the rational 
design of vaccines and for the most effective use of passive 
immunization for prophylaxis or therapy. This is particularly 
urgent for the human immunqdeficiency viruses (HIVs). 

A number of studies have led to the general conclusion that 
viruses are neutralized by more than one mechanism and the 
one employed will depend on factors such as the nature of the 
virus, the epitope recognized, the isotype of the antibody, the 
cell receptor used for viral entry, and the virus/antibody ratio 
(1). The principal mechanisms of neutralization can be con- 
sidered as (0 aggregation of virions, (it) inhibition of attach- 
ment of virus to cell receptor, and (Hi) inhibition of events 
following attachment, such as fusion of viral and cellular 
membranes and secondary uncoating of the virion. One of the 
important features of the third mechanism is that it may 
require far less than the approximately stoichiometric 
amounts of antibody expected for the first two mechanisms, 
since occupation of a small number of critical sites on the 
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virion may be sufficient for neutralization. For instance, it 
has been shown that neutralization of the influenza A virion 
obeys single-hit kinetics (3). 

Intensive studies have been carried out on antibody neu- 
tralization of HIV-1 (reviewed in ref 4). Most have focused 
on a single linear epitope in the third hypervariable domain of 
the viral envelope glycoprotein gpl20 known as the V3 loop. 
Antibodies to this loop are suggested to neutralize by inhib- 
iting fusion of viral and cell membranes. Binding to the loop 
resulting in neutralization can occur before virus-cell inter- 
action (M, Merges and P. L. N., unpublished work) or after 
binding of gpl20 to CD4 (5-8). Features of the V3 loop are 
sequence variability within the loop (9-11) and sensitivity of 
neutralizing antibodies against the loop to sequence varia- 
tions outside the loop (4, 11-13). Hence anti-V3 loop anti- 
bodies are often strain-specific and mutations in the loop in 
vivo may provide a mechanism for viral escape from antibody 
neutralization. Recently considerable interest has focused on 
antibodies capable of blocking CD4 binding to gpl20— these 
are loosely described as "antibodies to the CD4 binding 
region." A number of groups have described these antibodies 
as (a) reacting with conformational (i.e., nonlinear) epitopes, 
(b) reacting with a wide range of virus isolates, and (c) being 
the predominant neutralizing antibodies in humans after 
longer periods of infection (14-19). Neutralizing antibodies of 
this type would appear to present a promising target for 
potential therapeutics. The mechantsm(s) of neutralization of 
these antibodies is unknown, although there is some indica- 
tion that they may not act by blocking the attachment of 
virus, since a number of mouse monoclonal antibodies in- 
hibiting CD4 binding to gpl20 are either nonneutralizing (20) 
or only weakly neutralizing (21), 

The generation of human monoclonal antibodies against 
the envelope of HIV-1 (22) through the use of combinatorial 
libraries allows another approach to the problem of neutral- 
ization. Given the lack of a three-dimensional structure for 
gpl20 and the complexity of the virus, the approach seeks to 
explore neutralization at the molecular level through the 
behavior of related antibodies. This is possible because (/) the 
combinatorial approach allows the rapid generation of large 
numbers of human antibodies, (ii) the antibodies (Fab frag- 
ments) are expressed in Escherichia colt and can readily be 
sequenced, and (iii) antibodies have similar sequences and 
common structural motifs, allowing functional differences to 
be meaningfully correlated with primary structure. 

Here we describe neutralization studies on 20 recombinant 
human Fab fragments against gpl20, all of which are strain- 
crossreactive and inhibited by CD4 from binding to gpl20. 



Abbreviations: HIV, human immunodeficiency virus; PBMC, pe- 
ripheral blood mononuclear cell. 
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We show that neutralization is not effected by virus aggre- 
gation or crosslinking of gpl20 molecules on the virion 
surface and is not correlated with blocking of the interaction 
between soluble CD4 and recombinant gpl20. 

MATERIALS AND METHODS 

Generation of Soluble Fab Fragments Reactive with gpl2Q. 

The preparation of RN A from the bone marrow lymphocytes 
of an HIV- ^seropositive individual, construction of an 
IgGl(>c) Fab library on the surface of phage by use of the 
pComb3 system, panning of the library against recombinant 
gpl20 from the IIIB strain of HIV-1, and selection of phage- 
mids expressing soluble Fab fragments that react with gpl20 
in ELISA assays are described in ref, 22, and the method- 
ology is described in refs 22-24, 

Competition ELISAs. Relative Fab binding affinities were 
estimated by competition, for Fab fragments, of free gp!20 
with gpl20 coated on ELISA wells (22, 25). The ability of 
soluble CD4 (American Biotechnologies, Columbia, MD) to 
compete with Fab fragments for gpl20 coated on ELISA 
wells was carried out using similar procedures • 

Estimation of Fab Concentrations in Supernatants. This was 
carried out by sandwich ELISA (26). 

Purification of Fabs. One-liter cultures of E. coli in super 
broth (23) containing carbenicillin (50 /wg/ml) and MgCl 2 (20 
mM) were inoculated with appropriate clones, induced 7 hr 
later with 2 mM isopropyl /3-D-thiogalactopyranoside, and 
grown overnight at 30°C. The cell pellets were sonicated and 
the supernatant was concentrated to 50 ml. The filtered 
supernatants were loaded on a 25-ml protein G-anti-Fab 
column, washed with 120 ml of buffer at 3 ml/min, and eluted 
with citric acid at pH 2.3, The neutralized fractions were then 
concentrated, exchanged into 50 mM Mes (pH 6.0), and 
loaded onto a 2-ml Mono S column (Pharmacia) at 1 ml/min. 
A gradient of 0-500 mM NaCl was run at 1 ml/min, and the 
Fab fragments were eluted in the range of 200-250 mM NaCl. 
After concentration, the Fab fragments were positive when 
titered by ELISA against gpl20 and gave a single band at 5(3 
kDa by SBS/10-15% PAGE. Concentration was determined 
from absorbance measurement at ?80 nm by using an extinc- 
tion coefficient (1 mg/ml) of 1.4. 

Neutralization Assays. p24 ELISA. Diluted tissue culture 
. supernatants of HIV-1 IIIB- or MN-infected peripheral blood 
mononuclear cells (PBMCs) [50 TCID 50 (50% tissue culture 
infectious dose) per 100 ja\] were incubated for 2 hr at 37°C 
with serial (1:2) dilutions, beginning at a dilution of 1:20, of 
recombinant Fab supernatants or controls. The latter in- 
cluded human neutralizing sera, a known human neutralizing 
monoclonal antibody [2F5 (27)] and the Fab fragment derived 
from that antibody by papain digestion, and a known mouse 
neutralizing monoclonal antibody and its F(ab')2 fragment 
(28, 29). PBMCs (10 s ) were' added to the virus/antibody 
mixture and incubated for 1 hr at 37°C, Thereafter the cells 
were washed and incubated in RPMI 1640 medium (GIBCO) 
supplemented with 10% fetal bovine serum, 1.5 mM gluta- 
mine, antibiotics, and interleukin 2. Medium was changed at 
days 1 and 4. Seven days postinfection, supernatants were 
collected and analyzed by HIV-1 p24 antigen-capture ELISA 
(30). Neutralization was defined as positive if an 80% or 
greater reduction of optical density at 490 nm in the culture 
supernatant occurred as compared to negative Fab or nega- 
tive human serum, Tests with all Fab fragments, monoclonal 
antibodies, and sera were repeated on at least two occasions. 

Quantitative infectivity assay based on syncytium forma- 
tion. A quantitative neutralization assay with the MN strain 
of HIV-1 was performed as described (31). Monolayers of 
CEM-SS target cells were cultured with virus, in the presence 
or absence of antibody, and the number of syncytium- 
forming units was determined 3-5 days later. An equivalent 



amount of virus was used in the assays to allow direct 
comparison of the various antibody concentrations tested. 
The assays were repeatable over a virus-surviving fraction 
range of 1 to 0.001 within a 2- to 4-foid difference in the 
concentration of antibody {P < 0.001), 

Nucleic Acid Sequencing of Variable Domains of Fab Frag- 
ments. Nucleic acid sequencing was carried out on double- 
stranded DNA by using Sequenase 1.0 (United States Bio- 
chemical) and the appropriate primers hybridizing to se- 
quences in the C v l (SEQGb, 5'-GTCGTTGACCAGGCA- 
GCCCAG-3') or C K (SEQKb, 5'-ATAGAAGTTGTTCAG- 
CAGGCA-3') constant domain. Alternatively, sequencing 
employed single-stranded DNA and the T3 primer (5'- 
ATTAACCCTCACTAAAG-3 ' ; ref. 32) or one hybridizing to 
a sequence in the leader sequence (KEF, 5'-GAAT- 
TCTAAACTAGCTAGTTCG-3 '), 

RESULTS AND DISCUSSION 

Twenty clones were selected from the Fab library for their 
ability to bind to glycosylated recombinant gpl20 from the 
IIIB strain of HIV-1. Fab supernatants were prepared and the 
approximate concentrations of Fab were determined by 
ELISA as described. Since the Fab fragments are expressed 
in E. coli and the fraction of correctly assembled protein can 
vary, the amount of Fab reacting with gpl20 was also 
assessed by ELISA titration. Supernatants were then tested 
for neutralizing ability in infectivity assays employing MN 
and IIIB strains of HIV-1 and using either p24 levels or 
syncytium formation as a readout of infection. Assays were 



Table 1. Neutralization of HIV-1 by recombinant Fab fragments 



Antibody 


Fab, 
Mg/ml 


Reciprocal 
of EUSA 
titer 


p24 assay 
MN IIIB 


Syncytium 
assay 
(MN) 


Clones 












1 


1,8 


8 








2 


3.1 


64 








3 


4.1 


32 








4 


25.0 


16 


40 


80 


>128 


5 


2,4 


128 








6 


4.0 


64 








7 


4.3 


64 


20 


20 


>32 


8 


14,0 


256 


20 


20 




11 


11,0 


128 








12 


6,0 


64 


80 


40 


>128 


13 


6.1 


128 


80 


80 




18 


0.9 


128 




20 




20 


6,9 


256 






32 


21 


8,5 


32 


20 


20 


32 


22 


8.6 


64 


20 


20 




24 


0.7 


32 








27 


10.0 


64 


20 


20 


32 


29 


16.0 


1024 








31 


9.3 


128 








35 


8.9 


<& 








2F5 mAb 


10.0 




40 


160 




2F5 Fab 


5.0 




40 


20 




F58 mAb 


10,0 




160 


40 




F58 F(ab') 2 


200.0 




40 


20 





In this experiment aliquots of the same supernatant preparations 
were used in p24 and syncytium assays with HIV-1 IIIB- and 
MN-infected cells. Values for these ^ssays indicate neutralization 
titers. For the p24 assay the titer corresponds to the greatest dilution 
producing >80% reduction in absorbance in ELISA. For the syn- 
cytium assay, Fab fragments 4 and 12 produced >95% neutralization 
at a 1 :4 dilution of supernatant and 80% and 70% reduction at a 1: 128 
dilution, respectively. — , No neutralization at 1:20 dilution in the p24 
assay and 1:16 in the syncytium assay (with most clones showing no 
detectable neutralization at a 1:4 dilution). 
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Fig. L Neutralization of HIV-1 by purified Fab fragments. 
Results shown are derived from the syncytium assay using the MN 
strain. The p24 assay indicated >80% neutralization of HIV-1 MN 
strain for Fab 4 at 3 ^g/ml, Fab 7 at 15 jtg/ml, Fab 12 at 3 /*g/ml, 
Fab 13 at 4 fig/m\, and Fab 21 at 7 /xg/ml. For the IIIB strain, >80% 
neutralization was observed for Fab 4 at 13 ^g/ml, Fab 7 at 15 /xg/ml, 
Fab 12 at 7 fig/m\ t and Fab 21 at 14 fig/ ml 

generally repeated at least twice with reproducible results. 
For the data reported in Table 1, the Fab supernatants were 
divided into two parts, one being used in the p24 assay and 
the other in the syncytium assay. Table 1 shows that two Fab 
fragments, 4 and 12, are effective neutralizers in both types 
of assay. These Fab fragments have also been shown to 
neutralize infection by IIIB and RF strains in a PCR-based 
assay of proviral integration (L. Montaner, S. Gordon, 
C, F, B., and D, R, B., unpublished work). Fab 13 is con- 
sistently effective in the p24 assay but not in the syncytium 
assay. A number of other clones show lower levels of 
neutralizing ability. 

Fab fragments were purified from a selection of some of the 
clones and used in both neutralization assays. As shown in 
Fig, 1, Fab fragments 4 and 12 are again effective in both 
assays at similar levels, with, for example, 50% inhibition of 
syncytium formation at an Fab concentration of «20 nM (1 
/Ag/ml). Fab fragments 7 and 21 are. equally as effective in the 
syncytium assay but somewhat less so in the p24 assay. Fab 
13 neutralizes in the p24 assay at 4 /xg/ml but is ineffective in 
the syncytium assay at 25 Aig/mi, 



A number of conclusions arise from the data of Table 1 and 
Fig. 1. It is apparent that HIV-1 can be neutralized without 
virion aggregation or crosslinking of gpl20 molecules on the 
virion surface, since monovalent Fab fragments are effective. 
To further confirm this finding we generated an Fab fragment 
by papain digestion of a known neutralizing human mono- 
clonal antibody. As shown in Table 1, the Fab fragment was 
approximately equally effective as the whole IgG in neutral- 
ization of the MN strain of HIV-1. This is consistent with 
results on Fab fragments prepared from two mouse mono- 
clonal antibodies to the V3 loop (M. Merges and P. L, N., 
unpublished work). An F(ab') 2 fragment of a mouse mono- 
clonal antibody was somewhat less effective than the parent 
IgG in neutralization of the MN strain. Interestingly the 
fragments from these control antibodies were relatively poor 
in neutralizing the IIIB strain of HIV-1. Table 1 and Fig. 1 
also show that there appears to be a difference between the 
two assays employed, since Fab 13 is consistently effective 
in one assay but not the other. The principal variables are the 
incubation time of the virus and antibody prior to infection (2 
hr for the p24 assay and 0.5 hr for the syncytium assay), the 
amount of virus used for infection, the cells used to propagate 
virus (human PBMCs for the former and H9 cells for the 
latter), and the cells infected (human PBMCs for the former 
and CEM.SS cells for the latter). Of these, there is a strong 
possibility that the MN virus used in the two assays, having 
been passaged through different cells, is critically different. 

To explore the relationship between neutralizing and 
weakly or nonneutralizing Fabs, the variable domains of the 
20 clones were sequenced, A detailed comparison of the 
sequences will be provided elsewhere (C.F.B., T. A, Collet, 
P. Roben, J. Binley, D. Hoekstra, D.C., T.M.Jones, 
R. A. Williamson, N. L. Haigwood, A. Satterthwait, 
I, Sanz, and D.R.B., unpublished work). The heavy-chain 
sequences can be organized into six groups where each 
member of a group has an identical or very similar third 
complementarity-determining region, with a limited number 
of differences elsewhere. When the light chains are con- 
strained into the groupings defined by their heavy-chain 
partners, considerable light-chain sequence variation is ob- 
served. This phenomenon of chain promiscuity has been 
observed previously (22, 33-36) and can be appreciated by 
reference to Fig. 2, Marked neutralizing ability is confined to 
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Fig. 2. Amino acid sequence comparison of the variable domains of two groups of human anti-gpl2G Fabs. Groupings are made on the basis 
of similarities in heavy-chain sequences. Dots indicate identity with the first sequence in each section. FR, framework region; CDR, 
complementarity-determining region. 
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Fig. 3. Relative affinities of Fab fragments for gpl20 (IIIB) as 
illustrated by inhibition ELISA. Fab fragments 27, 6, 29, 2, and 3 are 
all prototype members of the different groups discussed in the text. 
Loop 2 is an Fab fragment that was selected from the same library 
as the other Fab fragments that recognizes the V3 loop. In this case 
competition was carried out with gpl20 from the SF2 strain, 

two groups of sequences. The first group consists of Fab 
fragments 4, 7, 12, and 21, which have very similar heavy and 
light chains. The second group consists of Fab fragments 8, 
13, 18, 22 and 27. Only Fab 13 shows marked neutralizing 
ability, although the others show some weaker activity. 
Interestingly, in this group Fab 13 does have a light chain 
distinct from those of the other members of the group. 

To establish whether neutralizing ability could be related to 
antigen binding affinity, competition ELISAs were carried 
out in which soluble gpl20 competed with gpl20 coated on 
ELISA plates for Fab binding. Fig. 3 shows that there is no 
correlation between antigen affinity and neutralization. 
These experiments were carried out with gpl20 of strain IIIB, 
All of the Fab fragments showed comparable ELISA reac- 
tivity with gpl20 of strain SF2 (C.F.B, et. al, unpublished 
work). 

To investigate whether neutralization could be associated 
with blocking of the gp!20-CD4 interaction, competition 
ELISAs were carried out with soluble CD4 competing with 
Fabs for binding to gpl20-coated ELISA wells. As shown in 
Fig. 4, CD4 inhibits the binding of neutralizing and nonneu- 
tralizing Fab fragments to gpl20 comparably. This implies 
that blocking of the gpl20-CD4 interaction is unlikely to be 
an important factor in Fab neutralization of HIV-L 

The ability of Fab fragments to neutralize viruses has been 
controversial. One of the problems has been that Fab frag- 

120, , 




Ol 1 i . . 1 

-12 -11 -10 -9 -8 -7 -6 -5 

log [competing soluble CD4] 

Fig. 4. Soluble CD4 competition with Fab fragments for gpl20 
(IIIB). P4D10 and loop 2 are controls not expected to compete with 
CD4. P4D10 is a mouse monoclonal antibody reacting with the V3 
loop of gp 120 (IIIB). As in Fig. 3, loop 2 Fab competition was carried 
out using gp!20 (SF2). 



ments are classically generated by papain digestion of IgG. If 
the Fab, as is often the case, shows reduced activity relative 
to the parent IgG, then it may be difficult to rule out IgG 
contamination in the Fab preparation. A recent review con- 
cluded that "A clear answer to the question of the ability of 
monovalent Fab to neutralize virus has not emerged either" 
(1). By using recombinant Fab fragments we definitively 
show here that Fab fragments can neutralize virus. 

The mechanism of neutralization of HIV-1 appears neither 
to require virion aggregation or gpl20 crosslinking nor to be 
correlated with blocking of the gpl20-CD4 interaction. One . 
caveat here is that the experiments described refer to the 
interaction of monovalent CD4 and gpl20 molecules, 
whereas the virus-cell interaction leading to infection is most 
likely cooperative and multivalent (37). Any importance 
attached to the difference will require studies on the relative 
abilities of the Fab fragments to affect viral attachment to a 
cell membrane. The existence of cloned neutralizing Fab 
fragments should aiiow the molecular features that confer 
neutralizing potential to be explored. For instance, in the 
case of the 13 group of clones (Fig. 2), the unique character 
of the light chain, of the neutralizing clone (13) suggests that 
chain-shuffling experiments in which the 13 light chain is 
recombined with the other heavy chains in that group might 
be revealing. A previous report (37) showed how a heavy 
chain could be paired with two dissimilar light chains with 
retention of antigen affinity but altered fine specificity (26). 

The observation here of a large number of Fab fragments 
of which only a limited number are strongly neutralizing may 
have important consequences. If the pattern is repeated for 
whole antibodies, then it would seem that much of the gpl20 
structure may be in a sense a "decoy"; i,e., the immune 
system may invest considerable effort in producing antibod- 
ies of high affinity but limited antiviral function. To exacer- 
bate the situation, the ineffective antibodies may bind to 
gpl20 and inhibit the binding of strongly neutralizing anti- 
bodies. This has obvious consequences for vaccination, 
which should be primarily designed to elicit such neutralizing 
antibodies. The determination of the precise molecular fea- 
tures responsible for eliciting protective neutralization then 
becomes an urgent priority. 
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Identification of anti-hepatitis C virus (anti-HCV) human antibody clones with broad neutralizing activity 
is important for a better understanding of the interplay between the virus and host and for the design of an 
effective passive immunotherapy and an effective vaccine. We report the identification of a human monoclonal 
Fab (el37) able to bind the HCV E2 glycoprotein of all HCV genotypes but genotype 5. The results of antibody 
competition assays and testing the reactivity to alanine mutant E2 proteins confirmed that the el37 epitope 
includes residues (T416, W420, W529, G530, and D535) highly conserved across all HCV genotypes, Fab el37 
neutralized HCV pseudoparticles bearing genotype la, lb, and 4 E1-E2 proteins and to a lesser extent, 
genotype 2b. Fab el37 was also able to inhibit cell culture-grown HCV (genotype 2a) . These data indicate that 
broadly cross-reacting and cross-neutralizing antibodies are generated during HCV infection. 



It is widely accepted that antibodies play a crucial role in the 
prevention and treatment of many viral infections of humans, 
including respiratory syncytial virus (16), rabies virus (34), and 
hepatitis B virus (35) infections. In contrast, a protective role 
of antibodies during infections by several persistent RNA vi- 
ruses has not been widely accepted. In hepatitis C virus (HCV) 
infection, the frequent inability of the host to clear the virus 
and the possible reinfection after virus clearance (21) have 
been considered evidence against a protective role of specific 
antibodies. However, it has recently been shown that the anti- 
HCV antibody repertoire includes neutralizing and cross-reac- 
tive clones that are dispersed within a majority of antibody 
molecules that have minimal benefit for the host (8, 9, 25, 39, 
36), Parallel analyses have recently suggested that antibodies 
play a crucial role in different phases of the natural history of 
HCV infection (3, 14, 15, 19, 30, 31). 

In the present study, we characterized the anti-HCV E2 
human monoclonal antibody (MAb) el37, which was cloned as 
a Fab fragment by phage display from the immunoglobulin Gl 
(IgGl) light-chain k repertoire of an infected patient (7, 11). 
The E2-binding activity of Fab el37 is inhibited by sera of 
patients infected with different HCV genotypes (9, 25, 26), 
suggesting that this human MAb could recognize E2 proteins 
of a wide range of HCV genotypes and subtypes. 

In order to better define the breadth of el37 cross-reactivily, 
we used human epithelial kidney (HEK) 293T cells expressing 
HCV E1-E2 of different genotypes (23). In detail, the HEK 
293T cells were transfected with 3 jxg of pcDNA3.1 vector (23), 
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encoding E1-E2 glycoproteins from different HCV genotypes. 
The binding of el37 was assayed by immunofluorescence using 
a fluorescein isothiocyanate-conjugated anti-human Fab 
(Sigma) (18). Fab el37 was able to bind all HCV genotypes but 
genotype 5 (Fig, 1A). The data were confirmed using cells 
expressing HCV E1-E2 from other isolates (Fig. IB). In only 
one case, e!37 did not recognize HCV of genotype 2a (strain 
UKN2AZ4), The isolate UKN2A2.4 E2 sequence diverges by 
17% from that derived from UKN2A1.2 (which was recognized 
by el37). These sequence differences likely cause a loss of 
contact residues or conformational changes that could make 
the epitope of el 37 less accessible. The broad cross-reactivity 
of el 37 was also confirmed by an immunoprecipi ration assay 
performed on lysates of HEK 293 cells expressing E1-E2 glyco- 
proteins from all genotypes (Fig. IC), The immunoprecipita- 
tion assay was performed as previously described (28). 

Considering these data, an important point is the definition 
of the HCV E2 regions having the potential of eliciting the 
cross-reactive antibody. Our previous attempts to identify the 
epitope, recognized by el37 using multiple antigenic peptides 
of HCV envelope glycoprotein E2 were not successful (1.1). 
Furthermore, Fab el.37 did not bind to recombinant maltose- 
binding protein~E2 fusion protein or to hypervariable region 
(HVR) multiple antigenic peptides using an enzyme-linked 
immunosorbent assay (ELISA) (data not shown). These data 
suggest that el 37 is directed against a conformational epitope 
retained in the full-length HCV E2, as usually seen in broadly 
neutralizing antibodies (1 3 5, 17, 18). Accordingly, as an alter- 
native strategy for mapping the epitope recognized by el 37, we 
used an ELISA competition assay with a panel of mouse and 
rat MAbs directed against known epitopes of genotype la 
HCV E2 (Table 1), Competition experiments were performed 
as described previously (5), Using this approach, binding of 
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FIG. 1. (A) Analysis of binding of the Fab eI37 by immunofluorescence staining of ceils expressing E1-E2 proteins derived from different HCV 
genotypes. The cells were counterstained with Evans blue {red-stained cells), (a) Genotype la isolate UKN1A20.8; (b) genotype lb isolate 
UKN1B5.23; (c) genotype 2a isolate UKN2A1.2; (d) genotype 2b isolate UKN2BL1; (e) genotype 3 isolate UKN3A13.6; (f) genotype 4 isolate 
UKN4.21.16; (g) genotype 5 isolate UKN5.15.ll; (h) genotype 6 isolate UKN6.5.8; (i) a human recombinant Fab (c33-3) specific for a 
nonstructural antigen of HCV (N$3) was included as a negative control (data generated on UKN1A20.8 are shown). Fab fragments were tested 
at a concentration of 10 ^g/ml. (B) Binding activity of anti-HCV E2 Fab el37 on E1-E2 proteins derived from HCV isolates with. different 
genotypes (genotypes la, lb, 2a, 2b, 3, 4, 5, and 6): H77.20, UKN1B12.16, UKN2A.2.4, UKN2B2.8, UKN3A1.28c, UKN4.21.16, UKN5.15.il, and 
UKN6.5.8. Binding activity was expressed as a percentage of reactivity of the el37 Fab on E1-E2 proteins of genotype la (H77 strain), A human 
recombinant Fab (c33-3) specific for a nonstructural antigen of HCV (NS3) was included as a negative control (data generated on H77 are shown). 
The binding was assayed by fluorescence-activated cell sorting, using a fluorescein isothiocyanate-conjugated secondary anti-human Fab (Sigma) 
and measured by analysis of the percentage of cells with a higher fluorescence signal than cells without Fab, Fab el37 was also tested using 
untransfected cells, and this fluorescence was subtracted as background. The broadly cross-reactive AP33 was used in order to analyze the efficiency 
of translation. The percentage oi' AP33-incubated cells with a higher fluorescence signal than untreated cells was at the same level among cells 
expressing E1-E2 proteins of different genotypes (data not shown). Fab e!37 was tested at 10 jjig/ml. (C) Radiolabeled proteins in the lysate of HEK 
293T expressing E1-E2 glycoproteins of all genotypes were immunoprecipitated using el37. AP33 and c-33 were used as positive and negative 
controls, respectively. The immune complexes were analyzed by sodium dodecyl su!fate-l0% polyacrylamide gel electrophoresis under reducing 
conditions. The protein sizes (in kiiodakons) are shown to the left of the gel. Data for E1-E2 of genotype ia are shown. 



el 37 to HCV E2 was shown to be inhibited by the mouse MAb 
AP33 and two rat MAbs (2/64a and 9/75) each recognizing 
linear epitopes spanning E2 regions from amino acid (aa) 421 
to 423, 524 to 531, and 528 to 535, respectively, Interestingly, 
the regions from aa 412 to 423 and 524 to 535 have been 
reported to be crucial for CD81 binding and retroviral pseu- 
doparticle (HCVpp) infectivity (29). To confirm these data, we 
used a panel of H77-derived E1-E2 (genotype la) proteins 
containing alanine replacement mutants, some of which have 
been previously shown to be important for CD81 binding (29). 
The analysis of el37 binding of the panel of E1-E2 mutants 
(Fig. 2) confirmed that the el37 epitope is centered in aa 412 
to 423 and aa 528 to 535 of HCV E2 regions, since substitu- 
tions at conserved positions 416, 420, 529, 530, and 535 re- 
duced binding by greater than 90%. These data confirm that 
the conformational epitope bound by el 37 includes conserved 
residues that are crucial for CD81 binding and HCVpp infec- 



tivity. These data are interesting, considering that el 37 has 
been described to be an antibody with neutralization of binding 
activity (11). Furthermore, the data highlight that the epitope 
of el 37 includes two conserved residues (aa 416 and 420) that 
were described to be critical within the epitope recognized by 
MAb AP33 (36). Interestingly, among the genotype 2a-derived 
E2 sequences studied in this paper (UKN2AI.2, UKN2A2.4, 
and JFH-1), a mutation from threonine to serine at position 
416 was present only in the isolate not bound in the binding assay 
analyzed by fluorescence-activated cell sorting (UKN2A2.4), thus 
confirming that this mutation plays a crucial role in the lack of 
el37 binding to this strain. Indeed, T4I6 is quite conserved 
among different E2 genotypes, being always present in geno- 
types la, lb, 2b 5 3, 5, and 6. However, the T416S replacement 
has been reported in 59% of E2 sequences derived from ge- 
notype 2a and in 40% of E2 sequences derived from genotype 
4 (37), As far as the other unbound genotype is concerned, all 
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FIG. 3. (a) Neutralizing activity of Fab el37 using virus pseudoparticles displaying E1-E2 genotype la (UKNI A20-8). Data obtained from 
HCVpp infection in the presence of c33-3 (negative control [neg]), AP33, and in the presence of different concentrations (in micrograms per 
milliliter) of immunoaffmity-purined (>90%) Fab el 37 are presented as a percentage of the infection detected in the absence of antibody. 
Neutralization activity was expressed by percent reduction of luciferase activity relative to the value for the control without competing antibodies. 
The experiment was performed three times, and the means ± standard errors of the means (error bars) from the three replicate assays are 
reported, (b) Neutralizing activity of Fab el 37 at 15 [Xg/m\ using virus pseudoparticles displaying E1-E2 proteins of different genotypes (HCV 
genotypes la to 6) (UKN1A20.8, UKN1B5.23, UKN2A1.2, UKN2BU, UKN3A13.6, UKN4.21.16, UKNS.15.1 1, and UKN6.5.8), The means plus 
standard errors of the means (error bars) of two replicate assays are reported, (c) Neutralization activity of el37 using the HCVcc system (genotype 
2a). The infectivity of JFH-1 in the presence of el37, negative-control Fab (c33-3), and AP33 is presented as the viral RNA quantity normalized 
against glyceraldehyde-3-phosphate dehydrogenase RNA, as determined by quantitative reverse transcription-PCR, The virus infectivity was 
evaluated by measuring the levels of positive-stranded HCV RNA (24), 



cross- reactive and cross-neutralizing human antibody clone 
generated during the natural course of HCV infection. This 
antibody is directed against a conformational epitope centered 
on the conserved HCV E2 regions from aa 412 to 420 and aa 
528 to 535 and therefore outside hypervariable region 1 
(HVR1). Importantly, the regions recognized by el37 show a 
lower variability rate than HVR1 does, and some E2 amino 
acid residues crucial for HCV infection are also critical for 
el 37 binding. In particular, mutations of these residues gener- 
ate variants able to escape from the el37 binding, but in par- 
allel abrogate the infectivity of HCVpp (29). These data sug- 
gest that viral mutants able to escape el37 could have a 
reduced replication capacity. To date, the only MAb able to 
react with all HCV genotypes is AP33, a mouse MAb that is 
capable of potent neutralization of HCVpp representing a 
broad variety of HCV genotypes (28). Two intriguing points are 
that the epitope recognized by e 13 7 partially overlaps with that 
of AP33 and that it is a broadly cross-neutralizing antibody in 
the pseudovirus-based neutralization assay. Indeed, el37 is 
able to neutralize HCVpp bearing E1-E2 of genotypes la, lb, 
and 4 and to a lesser extent, genotype 2b. Moreover, el.37 is 
able to neutralize HCVcc at a lower concentration than AP33 
is. Notably, AP33 is a full-length immunoglobulin, while el37 
is a Fab fragment, and the activity of a Fab molecule may 
increase in the whole immunoglobulin format (22, 38). 
Should the HCVcc neutralizing activity be a projection of 
the in vivo neutralizing potential and the IgGl format in- 
crease the Fab neutralization activity by only 10-fold, a 



passive administration of el37-derived IgG MAb could eas- 
ily reach serum levels potentially beneficial for the patient 
(2), Moreover, using el 37 in combination with other neu- 
tralizing antibodies might result in an enhancement of the 
neutralizing activity and in a broadening of the panel of 
HCV genotypes neutralized. 

Although several human MAbs against HCV have been 
described, the evidence of a broad cross-reactivity is still lim- 
ited. Only a few anti-HCV E2 human MAbs have been shown 
to have cross-neutralizing activity. In particular, Fab 4, showed 
an IC 50 from 0.3 to 10 jjig/ml on HCVpp bearing E1-E2 of 
HCV genotypes la, lb, and 2a } while data on HCVcc are not 
available (33). A group of anti-HCV IgGl exhibited an 1C 50 
ranging from 1.3 to 16 fxg/ml and from 0.05 to 0.2 p,g/ml, using 
HCVpp (bearing genotype lb E1-E2) and the HCVcc system 
(genotype 2a), respectively (20); however, the antibodies were 
unable to neutralize HCV genotype la (27), Additionally, a 
recent clinical trial evaluated the use of a human MAb directed 
against HCV E2 as support in preventing the reinfection of 
patients with liver transplant for the end stage of the HCV liver 
disease (32). The trial showed an efficacy limited to the pa- 
tients receiving very high doses; this could be due to the fact 
that the molecule used in this trial neutralizes HCVpp bearing 
E1-E2 of genotype la at 20 fug/ml (13), a dose difficult to reach 
in passive immunotherapy, leaving room for the expectation 
that a powerful antibody could possibly exert a beneficial effect 
in. a similar clinical setting. 

Overall, the availability of cross-reactive MAbs with 



Vol. 82, 2008 



NOTES 1051 



strong neutralizing activity (i) allows a better understanding 
of the virus-host interplay* (ii) provides new opportunities to 
develop antigens potentially able to elicit a broadly neutral- 
izing immune response, and (iii) may assist in the develop- 
ment of an effective passive immunotherapy for HCV infec- 
tion, 
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